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Abstract

The complete exon-intron organization of the gene coding for the mouse α1(XIII ) collagen chain,
Col13a1, was characterized from genomic clones and multiple transcription initiation points were
determined. Detailed comparison of the human and mouse genes showed that the exon-intron
structures are completely conserved between the species, and both genes have their 5´ untranslated
region preceded by a highly conserved putative promoter region. The chromosomal location of the
mouse gene was determined to be at chromosome 10, band B4, between markers D10Mit5 – (2.3±
1.6 cM) – Col13a1 – (3.4±1.9 cM) – D10Mit15.

The location of the genes for both the catalytically important α-subunit of prolyl 4-hydroxylase
(P4HA) and human type XII I collagen (COL13A1) were previously mapped to 10q21.3-23.1.
Prolyl-4-hydroxylase catalyzes the formation of 4-hydroxyproline in collagens by the
hydroxylation of peptide-bound proline and plays a crucial role in the synthesis of these proteins.
The order and transcriptional orientation of the COL13A1 and P4HA was determined. These two
genes were found to lie at tail to tail orientation on chromosome 10 and the distance between these
genes was determined to be about 550 kbp.

To study the function of type XII I collagen we used gene targeting in ES cells to generate a
mouse line that carries a mutated type XII I collagen gene. Instead of normal protein, mutant mice
express type XII I collagen with an altered amino-terminus in which the cytosolic and the
transmembrane domains have been replaced with an unrelated sequence. The homozygous mice
are fertile and viable but they show alterations in skeletal muscles, mainly wavy sarcolemma and
increased variation in muscle fiber diameter. Ultrastructural studies revealed additional
abnormalities such as streaming of z-disks, accumulation and enlargement of mitochondria, and
disorganized myofilaments. The basement membranes of the muscle cells showed areas of
detachment from the plasma membrane and the fibrillar matrix of the cells was less compact than
in control animals. Fibroblasts cultured from mutant mice had normal levels of type XII I collagen
but exhibited decreased adhesion to substratum which might be explained by a reduced anchoring
strength of the altered protein.

Key words: cre-Lox recombination, extracellular matrix, muscular atrophy, transgenic
mice
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Abbreviations

αx(a) collagen polypeptide; x: number of chain; a: number of collagen
bp base pairs
FACIT fibril associated collagens with interrupted triple helices
cDNA complementary DNA
COLXAY Human collagen gene, x:number of collagen; y:number ofα chain.
Colxay Mouse (or chicken) collagen gene, x: number of collagen; y: number of

α chain
C- Carboxy-
ELISA Enzyme-linked imuunosorbent assay
ES-cells Embryonic stem cells
FISH Fluorescensein situ hybridization
kbp kilobase pairs, 1000 base pairs
mRNA Messenger RNA
NC Non-collagenous
N- Amino-
P4HA Prolyl 4-hydroxylaseα-subunit
PCR Polymerase chain reaction
RACE Rapid amplification of cDNA ends
RT Reverse transcriptase
tk Thymidine kinase
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1. Introduction

The extracellular matrix is a supporting material that surrounds cells in every tissue. It is
composed of elastin, proteoglycans, laminins, fibronectin and collagens, which are its
major constituents. Collagens are characteristically of very high tensile strength and form
major fibrous components of tissues, such as skin, bone, tendon, cartilage, blood vessels
and teeth. Nineteen differerent collagen types, encoded by more than 30 genes dispersed
through the genome have been identified to date.

Type XIII collagen is a low molecular weight collagen which contains three
collagenous (COL1–COL3) and four noncollagenous domains (NC1–NC4). There are
interruptions in the Gly-X-Y sequence in every COL-domain and the NC1 domain
contains a highly hydrophobic region indicating that this collagen is a transmembrane
protein which localizes at plasma membranes. The primary transcript of type XIII
collagen gene is subjected to extensive alternative splicing, resulting hypothetically to
1024 different gene products.

The technical advances and development since the 1980’s that accompanied the
rapidly expanding field of molecular biology enabled the manipulation of the mouse
germline offered a new platform for clinical and basic research namely, animal models
with specific genetic alterations. Today, transgenic animals are widely used in biomedical
research because they enable detailed studies of specific diseases. Although increasing
numbers of analyses defining the effects of the genomic changes are made using cultured
cells, transgenic mice yield the most meaningful answers regarding the effects of genes at
the level of the organism for multicellular eukaryotes.

When the work on this thesis was initiated the partial organization of the human type
XIII cDNA and corresponding gene had been characterized. This work describes the
characterization of the entire genomic organization of the mouse type XIII collagen gene
and describes those exons of the human type XIII collagen gene which were not
published before. The chromosomal localization of and physical distance between the
genes for mouse type XIII collagen and prolyl 4-hydroxylase was determined. Moreover,
a transgenic mouse strain that lacks the N-terminal and transmembrane portion of type
XIII collagen polypeptide was generated. The generation and analysis of the transgenic
mouse strain, as well as the conclusions drawn from these studies regarding the function
of type XIII collagen, are described.



2. Review of the literature

Collagens are molecules that can be called as “the glue of life” and humans have utilized
the physical properties of these unique molecules through the history. According to
Prockop & Kivirikko (1995) the superfamily of collagens can be divided into the
following classes on the basis of structural features: (a) collagens that form fibrils (types
I, II, III, V and XI), (b) collagens that form network-like structures (type IV-family, types
VIII and X), (c) collagens that form beaded filaments (type VI), (d) collagens that form
anchoring fibrils for basement membranes (type VII), (e) collagens found on the surface
of collagen fibrils and known as fibril associated collagens with interrupted triple helices
(FACITs) (types IX, XII, XIV, XVI and XIX), (f) collagens that contain transmembrane
domains (types XIII and XVII), (g) collagens with multiple triple helical domains and
interruptions (MULTIPLEXIN’s, types XV and XVIII) (Ohet al. 1994a), and (h)
proteins containing triple-helical domains that have not been defined as collagens. For
further reading see Chu & Prockop (1993), Fleischmajeret al. (1990), Hulmes (1992),
Kielty et al. (1993), Kivirikko (1995), Vuorio & De Crombrugghe (1990). In this
litterature review I will introduce the family of collagens, especially type XIII collagen
and the field of transgenic technologies linked to the collagen research.

2.1. Fibrillar collagens

The fibrillar collagen types I, II, III, V and XI are all very similar in structure. Each type
is synthesized as a precursor form called procollagen and they are processed in a number
of ways prior to secretion into the extracellular space where they interact by forming
highly organized fibers and fibrils, thereby providing structural support for the body.

Type I collagen molecules are trimers that consist of oneα2(I) and twoα1(I) chains. It
is the most abundant collagen found in the fibrils of tendon, ligaments and bones.
Differences in type I collagen isolated from these three tissues are due to differences in
the degree of hydroxylation of proline and lysine residues, glycosylation and aldehyde
formation, the latter being involved in covalent inter-chain cross-linking. In bones the
fibrils are mineralized with calcium hydroxyapatite.
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Cartilage and related tissues contain collagen molecules whose structures are
presumed to reflect the specialized functions of the proteoglycan-rich extracellular
matrices of these tissues. Type II collagen — also called cartilage collagen — is arrayed
in quarter-staggered fashion to form fibers similar to those of type I collagen
(Linsenmayer 1991). However, type II collagen is anα1(II)3 homotrimer, consisting of
three identicalα chains. Despite being found almost exclusively in cartilage, type II
collagen also occurs in the vitreous humor.

Type III collagen can be called the fetal and blood vessel collagen but it can also be
found in the skin, lung, blood vessels and cornea. Type III collagen is important for the
development of skin and the cardiovascular system and for the maintenance of the normal
physiological functions of these organs in adult life (Olsen 1995). Type III collagen
molecules areα1(III)-homotrimers.

Type V collagen is present in many tissues and organs as a minor collagen component
and it can be present as a homotrimer consisting of three identicalα1 chains, as a
heterotrimer consisting ofα1(V), α2(V), and α3(V) chains, or as a heterotrimer
consisting of two copies ofα1 and one copy ofα2 chains (Burgesonet al. 1976). The
structure of type XI collagen was studied by Morris & Bachinger (1987), who concluded
that type XI is a heterotrimer consisting of three different polypeptides,α1(XI), α2(XI),
andα3(XI). Fichardet al. (1994) have reviewed the structure and function of collagens V
and XI and commented on their fundamental role in the control of fibrillogenesis, which
they probably achieve by forming a core within the fibrils.

The most characteristic feature of the genes that encode the fibrillar collagens is the
unusual pattern of exon sizes that are multiples of 54- and 45 bases in the region of the
gene that encodes the triple-helical domain of the polypeptide. This pattern is highly
conserved through evolution.

Tromp et al. (1988) and Kuivaniemiet al. (1988) characterized cDNA clones that
represent the full-length mRNAs from the COL1A1 and COL1A2 genes. The length of
the COL1A1 gene is known to be over 18 kbp (Körkköet al. 1998). de Wetet al. (1987)
isolated the entire 38 kbp COL1A2 gene and 22 kbp of its flanking sequences. Retiefet
al. (1985) assigned theα1(I) and α2(I) genes to bands 17q21.31-q22.05 and 7q21.3-
q22.1, respectively, byin situ hybridization.

Mouse cDNAs encoded by theCol1a1 and Col1a2 genes were cloned and the
chromosomal locations of these genes were determined to be on chromosomes 11 and 6,
respectively. (Irvinget al.1989, Liet al.1995a, Munkeet al.1986, Phillipset al.1992).

Strom & Upholt (1984) isolated overlapping genomic DNA clones containing most of
the coding sequences for chicken type II collagen. Baldwinet al. (1989) cloned and
characterized the cDNA clones for human type II collagen and the complete genomic
structures for the human and mouse type II collagen genes were published by Ala-Kokko
et al. (1995) and Metsärantaet al. (1991), respectively. The overall identity between the
coding sequences of the mouse and human type II collagen genes is 89% at the nucleotide
level, and this results in only 37 amino acid changes between the matureα1(II) collagen
chains. Takahashiet al. (1990) localized the COL2A1 gene to 12q13.11-q13.12 and
showed that the COL2A1 gene is immediately proximal to the fragile site fra(12)(q13.1).
The chromosomal localization of the mouse gene was determined by Cheahet al. (1991).
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Table 1. Chromosomal locations of human and mouse collagen genes and number of
human mutations associated with these genes.
Type Gene Human chromosome Mouse chromosome Human

mutations
I COL1A1

COL1A2
17q21.31-q22.05

7q21.3-q22.1
11 (56.0 cM)

6 (0.7 cM)
164

85
II COL2A1 12q13.11-q13.2 15 (56.8 cM) 40
III COL3A1 2q32.2 1 (21.1 cM) 69
IV COL4A1

COL4A2
COL4A3
COL4A4
COL4A5
COL4A6

13q34
13q34

2q36-q37
2q36-q37

Xq22
Xq22

8 (5.0 cM)
8 (5.0 cM)

ND
ND

X (62.40 cM)
X

-
-
5

13
239

1
V COL5A1

COL5A2
COL5A3

9q34.2-q34.3
2q32-q33

ND

2 (17.0 cM)
ND
ND

4
3
-

VI COL6A1
COL6A2
COL6A3

21q22.3
21q22.3

2q37

10 (41.0 cM)
10 (41.0 cM)

1 (53.9 cM)

1
1
1

VII COL7A1 3p21.3 9 (61.0 cM) 99
VIII COL8A1

COL8A2
3q12-q13.1

1p34.4-p32.3
ND

4 (57.2 cM)
-
-

IX COL9A1
COL9A2
COL9A3

6q12-q13
1p33-p32.2

20q13.3

1 (15.0 cM)
4 (53.0 cM)

ND

-
1
1

X COL10A1 6q21-q22.3 10 (22.0 cM) 24
XI COL11A1

COL11A2
COL11A3a

1p21
6p21.3

12q13.11-q13.2

3 (53.10 cM)
17 (18.51 cM)

15 (56.8 cM)

2
3
-

XII COL12A1 6q12-q13 9 (43.0 cM) -
XIII COL13A1 10q22 10 (23.1 cM) -
XIV COL14A1 8q23b ND -
XV COL15A1 9q21-q22 4 (B1-3) -
XVI COL16A1 1p34 ND -
XVII COL17A1 10q24.3 19 (49.0 cM) 18
XVIII COL18A1 21q22.3 10 (41.0 cM) -
XIX COL19A1 6q12-q13 1 (A3) -

The human and mouse data and the number of human mutations were collected from the
references mentioned in the text and from GeneCards database and Human Gene
Mutation Database. The mouse data was obtained from the Mouse Genome Database
(http://www.informatics.jax.org/), except forCol13a1which is published in paper II in
this thesis. The total number of mutations is 774.

aTheα3(XI) chain of type XI collagen is encoded by the same gene as theα1(II) chain
of type II. bLocation of human undulin gene. ND: not determined.
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Ala-Kokko et al. (1989) published the full length sequence of the human type III
collagen cDNA and the structure of the mouseCol3a1gene was published by Toman and
de Crombrugghe (1994). The chromosomal localization of the COL3A1 gene was
determined by Huerre-Jeanpierreet al. (1986), who assigned it to 2q31-q32.3. Tsipouras
et al. (1988) demonstrated by somatic cell hybrid studies andin situ hybridization that the
COL3A1 and the COL5A2 loci are very close together, and later Cuttinget al. (1990)
showed by pulsed field gel electrophoresis that the COL3A1 and COL5A2 genes are in
the same 35 kbp fragment. Schurret al. (1990) mapped the murineCol3a1 to mouse
chromosome 1.

The organization of the COL5A1 gene has diverged considerably from the conserved
organization of the genes for the fibrillar collagen types I-III. COL5A1 has 66 exons,
which is greater than the number of exons found in the genes for collagen types I-III.
Takaharaet al. (1991) reported the sequence of the cDNA encoding the complete prepro-
α1(V) chain. The collagen-like region and C-terminal noncollagenous region closely
resemble the corresponding regions of theα1(XI) chain. Takaharaet al. (1995) also
determined the complete genomic structure of COL5A1 and showed that the gene spans
at least 750 kb. Greenspanet al. (1992) determined that the COL5A1 gene is located in
the segment 9q34.2-q34.3 using cDNA and genomic clones for the COL5A1 gene as
probes. Pilzet al. (1994) mapped the mouse gene forα1 chain of collagen V to
chromosome 2.

The genomic organization of the COL5A2 gene is not known but cDNA sequences
derived from this gene is published by Weilet al. (1987) and there are also reports of
COL5A2-linked diseases (Michalickovaet al. 1998, Richardset al. 1998). No additional
information is available aboutα3(V) chain since its original description (Burgesonet al.
1976).

The cDNA-derived amino acid sequences of the humanα1(XI) and α2(XI) chains
were determined and these genes were localized broadly to 1p21 and 6p21.2, respectively
(Bernardet al. 1988, Henryet al. 1988, Kimuraet al. 1989a). Vuoristoet al. (1995)
analyzed the human COL11A2 gene confirming the earlier nucleotide sequence analysis
of a selected portion of the human gene which showed the characteristic pattern of 54-bp
exons (Henryet al. 1988). The mouseCol11a2gene was isolated and characterized by
Vandenberget al. (1996). Theα3 chain of type XI collagen is an over-glycosylated
variant of the type II mRNA, i.e. it is encoded by the COL2A1 gene (Eyre & Wu 1987).

2.2. The nonfibrillar collagens, types IV, VI-VIII and X

The first collagen found to contain interruptions in the repeating Gly-X-Y sequences was
the basement membrane-specific type IV collagen and therefore this molecule is the
prototype of nonfibrillar collagens. Type IV collagen does not form ordered fibrillar
structures but a complex meshwork of molecules held together at their ends and by lateral
aggregations. Type IV collagen is an important component of basement membranes
where it associates with laminin, entactin, and heparan sulfate proteoglycans. Basement
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membranes compartmentalize tissues, serve as molecular sieves and provide important
signals for the differentiation of the cells they support.

Six α(IV) chains are known. Theα1(IV) and α2(IV) chains are ubiquitous in tissues,
whereas theα3(IV), α4(IV), α5(IV) and α6(IV) chains have more restricted tissue
distributions (Butkowskiet al. 1987, Mariyamaet al. 1992, Mayneet al. 1984, Sauset
al. 1988, Zhouet al. 1993). On the basis of sequence similarities, the chains fall into two
classes.α1, α3, andα5 chains make up theα1-like class, andα2 , α4 andα6 chains
belong to theα2-like class.

The human cDNAs for all sixα(IV) chains have been characterized (Hostikka &
Tryggvason1988, Leinonenet al. 1994, Mariyamaet al. 1994, Myerset al. 1990,
Oohashiet al. 1994, Soininenet al. 1987). The complete cDNAs for theα1 and α2
chains, and partial cDNAs for theα3, α4, andα5 chains, have been characterized from
the mouse (Miner & Sanes 1994, Muthukumaranet al.1989, Sauset al.1989).

The human COL4A1 and COL4A2 genes are located in a head-to-head configuration
on chromosome 13q34 (Emanuelet al. 1986, Poschlet al. 1988, Soininenet al. 1988)
and the COL4A3 and COL4A4 genes are similarly arranged on chromosome 2q36-q37
(Boye et al. 1998, Kamagataet al. 1992, Mariyamaet al. 1992, Turneret al. 1992).
COL4A5 is paired with the COL4A6 gene on chromosome Xq22 (Oohashiet al. 1994,
Zhou et al. 1993). Thus, it appears that the type IV collagens evolved by duplication of
an ancestralα chain gene, giving rise to a pair ofα chain genes with closely apposed 5-
prime ends. Koizumiet al. (1995) mapped the mouseCol4a1 and Col4a2 genes to the
centromeric region of mouse chromosome 8 and Brownet al. (1993) showed theCol4a5
gene to lie on chromosome X.

Type VI collagen is unusual among the collagens because of the small size of its
collagenous domains and an exceptional supramolecular structure (Engvallet al. 1986).
Trueb & Winterhalter (1986) showed that type VI collagen consists of two distinct 140-
kD subunits (α1(VI) andα2(VI)) and a 200-kD subunit (α3(VI)). Chuet al. (1987, 1990)
and Chunget al. (1976) characterized the three constituent chains by peptide sequences
and cDNA clones. Collagen VI is a component of bead-like microfibrillar structures in
many tissues (Engelet al. 1985). These microfibrils are located close to cells, nerves,
blood vessels, and large collagen fibrils and they are considered to have an anchoring
function (Kuo et al. 1997). Heiskanenet al. (1995) determined the the size of the
COL6A1 gene to be 29 kb, showed the distance separating the COL6A1 and COL6A2
genes to be 150 kbp and mapped the 5’-3’ orientation of these genes. Antonarakis (1993)
and Saittaet al. (1992) demonstrated that it is 36 kbp long and contains 30 exons. Weilet
al. (1988) localized the COL6A1 and COL6A2 genes to chromosome 21q22.3 and the
COL6A3 gene to chromosome 2q37. The COL6A2 gene is the most telomeric gene on
chromosome 21. Justiceet al. (1990) mapped the mouse homologues of COL6A1 and
COL6A2 to chromosome 10.

Type VII collagen is the main constituent of anchoring fibrils, which are located below
the basal lamina at the dermal-epidermal basement-membrane zone of the skin. The type
VII collagen molecules form disulfide bond-stabilized dimeric aggregates by lateral
accretion in a nonstaggered array (Bentzet al.1983, Burgeson 1987).

After the initial cloning of this novel collagen in 1994, it was shown that the type VII
collagen mRNA is approximately 9.2 kbp long and it contains an open reading frame of
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8833 nucleotides which encodes a polypeptide of 2944 amino acids. The COL7A1 gene
was shown to contain 118 exons, more than any previously described gene. Despite this
complexity, the COL7A1 gene is compact, consisting of 31 132 bp from the transcription
initiation site to the polyadenylation site (Christianoet al. 1994a, Christianoet al. 1994b,
Greenspan 1993, Tanakaet al. 1992). The gene was mapped to 3p21.3 byin situ
hybridization (Greenspanet al. 1993, Parenteet al. 1991). Li et al. (1993a) showed that
the corresponding mouse gene is located on chromosome 9.

Type VIII collagen was first detected and designated as an endothelial cell collagen
(see Sutmulleret al. 1997). Type VIII collagen is also a major component of Descemet’s
membrane, the basement membrane of corneal endothelial cells but COL8A1 mRNA is
also expressed in a number of other tissues (Muragakiet al. 1992). In-situ hybridization
demonstrated COL8A1 mRNA in skin keratinocytes, corneal epithelial and endothelial
cells, lens epithelial cells, mesenchymal cells surrounding cartilage and calvarial bone,
and in the meninges surrounding the brain. In Descemet’s membrane type VIII collagen
molecules consist ofα1 and α2 subunits in the ratio of 2:1 (Muragakiet al. 1991).
Muragakiet al.(1991a,b) mapped the COL8A1 gene to 3q12-q13.1 and the COL8A2 to
1p34.3-p32.3 byin-situ hybridization These authors also demonstrated that the COL8A1
gene consists of only 4 exons, one of which is large and encodes the entire triple-helical
and C-terminal non-triple-helical domains. To date these genes have not been described
in more detail. The sequence of theα1(VIII) chain is similar to that of theα1 chain of
type X collagen, which is produced by hypertrophic chondrocytes. Types VIII and X
collagen have been called 'short-chain collagens' because of the relatively small size of
their triple-helical domains.

Type X collagen is a product of hypertrophic chondrocytes and has been localized to
presumptive mineralization zones of hyaline cartilage (see Sutmulleret al. 1997). Kirsch
and von der Mark (1991) isolated human type X collagen from human fetal growth-plate
cartilage and purified it to homogeneity. They also used an antibody to show the
distribution of type X collagen in the growth-plate cartilage and the calcifying zone of the
sternum in the human fetus. The distribution of collagen X and its transient expression at
sites of calcification suggest that this collagen is associated with events in the later stages
of endochondral bone formation.

The triple-helical domain of type X collagen is approximately half the size of that in
collagen types I, II, and III. It has been shown that two exons, 169 bp and 2940 bp in
length, separated by single 3200-bp intron, encode the complete primary translation
product of the COL10A1-gene. Apteet al. (1991) and Thomaset al. (1991) cloned the
human type X gene and assigned it to 6q21-q22.3. The mouse homologue was shown to
be located on chromosome 10 (Apteet al.1992).
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Table 2. Features of collagen genes and their products
Gene Human polypeptide

Exons Size, kbp
hu/mo

Mw Residues Col/NC
Ratio

Accession number/
Reference

COL1A1 51 18/ND 138671 1461 2.37 AF017178
COL1A2 51 38/ND 129423 1366 3.05 AF004877
COL2A1 54 31/29.6 141771 1487 2.68 L10347
COL3A1 51 44/37.6 138555 1466 2.49 P02461
COL4A1 52 >100/ND 160611 1669 3.39 P02462
COL4A2 47 >100/>90 167535 1712 3.37 P08572
COL4A3 161740 1670 5.67 X80031
COL4A4 48 >113/ND 164096 1690 5.50 X81053
COL4A5 51 >140/ND 161044 1685 5.80 SEG_HS4COL5A
COL4A6 46 425/ND 163696 1690 5.47 SEG_HCOL4A6S
COL5A1 66 750/ND 183618 1838 1.67 P20908
COL5A2 144720 1496 4.44 P05997
COL6A1 36 29/ND 108639 1028 0.50 CGHU1A
COL6A2 36 30/ND 108475 1018 0.51 CGHU2A
COL6A3 28 343552 3176 0.12 X52022
COL7A1 118 31.1/31 295220 2944 1.10 Q02388
COL8A1 4 >53/ND 73443 744 1.73 X57527
COL8A2 4 60527 635 2.57 P25067
COL9A1 38 90/100 91892 921 1.86 SEG_HSCOL9AC
COL9A2 32 15/15.9 65131 689 7.88 AF019406
COL9A3 32 23/ND 63742 684 8.28 L41162
COL10A1 3 6.2/ND 66156 680 2.33 Q03692
COL11A1 181156 1806 1.65 P12107
COL11A2 66 28.8/100 171775 1736 2.65 AL031228
COL12A1 >200/ND 333193 3063 0.09 U73778
COL13A1 41/42 140/135 70900 726 2.39 (Hägg 1998)
Col14a1 202667a 1888 0.17 X70793
COL15A1 42 145/135 141757 1388 0.42 SEG_HSCOLXV
COL16A1 157693 1603 1.86 Q07092
COL17A1 56 52/ND 150459 1497 0.79 AH005152
COL18A1 43 ND/>102 153841 1516 0.56 AF018081
COL19A1 51 >250/ND 115448 1143 2.89 SEG_AB00468S

Collected from references occurring in the text.a)Amino acid sequence from chicken.
ND: not determined.

2.3. The FACIT collagens

The collagen types IX, XII, XIV, XVI and XIX are known as Fibril Associated Collagens
with Interrupted Triple helices, or FACITs (Fukaiet al. 1994, Mayne & Brewton 1993,
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Ninomiya et al. 1990, Shaw & Olsen 1991). Collagen types IX, XII and XIV each
contain of one or two collagenous domains that associate with fibrillar collagens, and one
collagenous domain and a noncollagenous domain that project out from the fibril. The
function of these collagens is not clear, but it is thought that they can serve as interaction
components between collagen fibrils and other molecules of the extracellular matrix.

Type IX collagen is composed of three gene products, theα1(IX), α2(IX), andα3(IX)
chains and is located on the surface of type II collagen-containing fibrils. Type IX
collagen is also a proteoglycan, as it has been shown to contain chondroitin sulfate- and
dermatan sulfate-chains covalently linked to theα2(IX) chain (Bruckneret al. 1985). The
precise function of type IX collagen is not known but the results from certain transgenic
mice studies suggest that this collagen is not essential for the assembly of cartilage-fibrils
in the extracellular matrix. However, it may have an important role in the maintenance of
the structural integrity of the tissue (Mayneet al. 1985, Nakataet al. 1993). The cDNAs
for all three α chains of type IX collagen have been cloned and their chromosomal
locations have been determined (Table 2).Col9a1andCol9a2genes have been localized
from the mouse genome (Brewtonet al. 1995, Kimuraet al. 1989b, Muragakiet al.
1990a, Ninomiya & Olsen 1984, Peräläet al. 1993, Perälä 1997, Pihlajamaaet al. 1998,
Warmanet al.1993, Warmanet al.1994).

A cDNA clone that encodes a collagen-like polypeptide containing two collagenous
and three noncollagenous domains was isolated by Gordonet al. (1987) and the novel
collagen was called type XII (Gordonet al.1989). The complete cDNA structures of type
XII collagen are available from both human and mouse, and both polypeptides have a
predicted molecular weight of about 340,000 (Bohmeet al. 1995, Gereckeet al.
1997)(Table 2). Immunohistochemical analyses of mouse embryos showed that type XII
collagen is expressed mainly in dense connective tissues of the tendons, ligaments,
dermis, cornea, blood vessel walls, meninges, and developing membranous bones (Ohet
al. 1993). Type XII collagen is thought to act as a crossbridge between fibrils and resist
shearing forces caused by tension. The exon-intron organization of the gene that encodes
the α1(XII) polypeptide appeared to be similar to those of the genes for theα1 andα2
chains of type IX collagen (Gordonet al. 1989). Ohet al. (1992) have mapped the mouse
Col12a1gene to chromosome nine.

Type XIV collagen has been characterized from human and chicken tissues and bovine
skin (Dublet & van der Rest 1991, Gordonet al. 1991) and it has been shown that these
molecules comprise three identicalα1(XIV) chains. Structurally, type XIV collagen is
very similar to type XII and both of these collagens are also proteoglycans. Type XIV
collagen can be found in most of the same tissues as type I collagen, but also in cartilage
(Aubert-Foucheret al. 1992, Gordonet al. 1991, Lunstrumet al. 1991, Wälchliet al.
1993). Type XIV collagen is found near the surface of collagen fibrils and may be
involved in epithelial-mesenchymal interactions as well as in modulation of the
biomechanical properties of tissues (Berthodet al.1997).

The nomenclature of the human counterpart of type XIV collagen is ambiguous. The
human protein has been isolated and its cDNA has been characterized but the protein is
called undulin in the literature and interactions between undulin and other extracellular
matrix components have been described (Ehniset al. 1996, Ehniset al. 1997) and the
COL14A1 was localized to 8q23 by Schnittgeret al. (1995). There are also studies that



22

suggest that the 5’-end of undulin transcript is subject to alternative splicing and also that
undulin cDNA is similar to the chicken type XIV collagen (Gereckeet al. 1993, Justet
al. 1991, Schuppanet al.1990, Trueb & Trueb 1992).

Panet al. (1992) and Yamaguchiet al. (1992) cloned the cDNA for a new type of
collagen which shares certain features with members of the FACIT group. The collagen
chain encoded by the cDNA was designated theα1 chain of type XVI collagen and its
gene was localized to chromosome 1 byin situ hybridization. Fluorescence
immunohistochemistry of adult mouse tissues using an affinity-purified antibody revealed
a broad distribution of the type XVI collagen (Lai & Chu 1996) and indirect
immunofluorescence microscopy studies showed an extracellular distribution of type XVI
collagen, which is located close to cells but not associated with fibrillar structures
(Grasselet al.1996).

Yoshioka et al. (1992) isolated novel collagen-like cDNA clones from a human
rhabdomyosarcoma cDNA library. These clones were predicted to encode a polypeptide
containing a distinct collagenous domain with interruptions. This polypeptide was named
α1(Y) but the name was later changed toα1(XIX). It has been proposed that type XIX
collagen plays a role distinct from that of other FACITs, and may be involved in the
assembly of embryonic matrices and maintenance of specific adult tissues (Sumiyoshiet
al. 1997). The initial analysis of the 12 kbp transcript was done by Myers et. al (1993,
1994) and the complete primary structure was determined by Inoguchiet al. (1995). The
length of the human COL19A1 gene is over 250 kbp and it is located near the COL9A1
and COL12A1 genes. The gene encoding type XIX collagen has been localized to
chromosome 6q12-q13 in the human and to chromosome 1 (band A3) in the mouse
(Gereckeet al.1997, Khaleduzzamanet al.1997).

2.4. Collagens with multiple interruptions

Collagen types XV and XVIII form a homologous subgroup within the collagen family
(Pihlajaniemi & Rehn 1995, Rehn & Pihlajaniemi 1996). These collagens are
characterized by multiple interruptions in their collagenous domains and it has been
suggested that they should be termed MULTIPLEXINs (Ohet al. 1994a). The complete
primary structure of human type XV collagen and the corresponding genomic
organization have been determined. The gene is 145 kbp in length and its chromosomal
location is 9q21-q22 (Hägget al. 1998a, Kivirikkoet al. 1994, Muragakiet al. 1994, Oh
et al. 1994b). Type XV collagen has been shown to be expressed in the heart, skeletal
muscle, placental tissues, kidney and pancreas (Kivirikkoet al. 1995, Muragakiet al.
1994, Myerset al. 1992). The murine gene for type XV collagen was mapped to
chromosome 4 (Hägget al.1997).

Type XVIII collagen was discovered simultaneously by three laboratories in 1994
(Abe et al. 1993, Ohet al. 1994b, Rehn & Pihlajaniemi 1994). The cDNA derived
structure has been determined for mouse and human (Rehnet al. 1994, Saarelaet al.
1998a). The genomic organization of the mouse gene was found to be more than 102 kbp
in length (Rehnet al. 1996). The chromosomal locations of the human and mouse genes
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for type XVIII collagen were determined by Ohet al. (1994a) (Table 1). Analyses of
mouse and human tissues have shown this collagen to be present along the basement-
membrane zones of the blood vessels in intestinal villi, the choroid plexus, skin, liver,
kidney, heart, placenta, prostate, ovaries and skeletal muscle (Muragakiet al. 1995,
Saarelaet al.1998a, Saarelaet al.1998b).

The functions of types XV and XVIII collagen are currently unknown. In the case of
type XVIII collagen, a 20-kDa fragment is derived from its C-terminus by specific
proteolytic cleavage. This fragment, called endostatin, has been reported to be
antiangiogenic and appears to specifically inhibit endothelial proliferation (O'Reillyet al.
1997).

2.5. Collagens that contain transmembrane domains

2.5.1. Type XVII collagen

Type XVII collagen is the only collagen that has been isolated as a direct result of
investigating a human disease called bullous pemphigoid (Borradori & Sonnenberg 1999,
Fukaiet al. 1994, Hopkinson & Jones 1996). The work of Liet al. (1993a) indicated that
the 180-kD bullous pemphigoid antigen is a transmembrane hemidesmosomal collagen,
which was designated type XVII. This collagen was first described in 1991 (Liet al.
1991) and the complete sequences of the human and mouse cDNAs have been
determined (Liet al. 1991, Li et al. 1993a, Myerset al. 1993). Gatalicaet al. (1997)
cloned the entire human COL17A1 gene and elucidated its intron/exon organization. The
human and murine genes for theα1 chains of type XVII collagen were mapped to
chromosome 10q24.3 and the distal end of chromosome 19, respectively (Copelandet al.
1993, Giudiceet al. 1991, Giudiceet al. 1992, Li et al. 1991, Li et al. 1993b, Li et al.
1993a).

2.5.2. Type XIII collagen

2.5.2.1. Primary structure

Type XIII collagen was found in a cDNA library derived from the HT-1080 cell line
(Pihlajaniemiet al. 1987). Four overlapping cDNA clones were characterized and they
were predicted to encode a low molecular weight human collagen. The corresponding
mouse cDNA was cloned by Hägget al. (1998b), who confirmed that the murine type
XIII collagen contains three collagenous (COL1-COL3) and four noncollagenous
domains (NC1—NC4). The NC1 domain contains a highly hydrophobic region, which
was not originally noticed in the human sequence indicating that this collagen could be a
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transmembrane protein. Type XIII collagen molecule was then showed to localize at
plasma membranes in such a way that NC1 domain consists of a 36 amino acid-residue
intracellular domain, a 23 amino acid-residue transmembrane region and the first 61
residues of the ectodomain. The rest of the molecule belongs to the ectodomain which
consists of a 103 residue COL1 domain, a 50 residue NC2 domain, a 172 residue COL2
domain, a 22 residue NC3 domain, a 254 residue COL3 and a 18 residue NC4 domain.
There are interruptions in the Gly-X-Y sequence in every COL-domain. To be more
precise there is one interruption in the COL1 domain, two in the COL2 domain and one
in the COL3 domain. The total lengths of mouse and human type XIII polypeptides are
739 and 731 residues, respectively (Hägget al. 1998b) but these lengths may vary due to
alternative splicing of the primary transcript (see below). The cDNA-derived molecular
weight for mouse type XIII collagen is 72110 daltons.

Figure 1. Schematic drawing of type XIII collagen polypeptide

2.5.2.2. Organization and chromosomal localization of the human type
XIII gene

Part of the human gene for theα1 chain of type XIII collagen was cloned by Tikkaet al.
(1991) and the COL13A1 was defined to span over 140 kbp. The analysis of this gene
revealed an interesting feature, namely the size of its exons. Usually the exons in the
genes that encode fibrillar collagens are 54 bp in length but in the gene for type XIII
collagen ten out of the 42 exons are 27 bp in length. Tikkaet al. (1988) defined human
type XIII collagen gene to contain 39 exons but further work indicate that the correct
number of exons is 42 (Hägget al. 1998b). The sizes of the exons of the human type XIII
collagen gene vary between 1088 and eight nucleotides. The largest exon is the first one
and the shortest is exon 3. This 8-bp exon is today the shortest exon described in the
collagen literature. The locus for COL13A1 was localized to chromosome 10q22
(Pajunenet al. 1989, Showset al. 1989). All in all, the gene for theα1 chain of type XIII
collagen has some features found in the genes for fibrillar collagens as well as some
distinct features (Tikkaet al.1988).

Noncollagenous sequenceMembrane domain (Gly-X-Y) n sequence

NC1 COL1 NC2 COL2 NC3 COL3 NC4
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2.5.2.2. Alternative splicing

The most characteristic feature of type XIII collagen is the extensive alternative splicing
of its pre-mRNA (Pihlajaniemiet al. 1987). This phenomenon has been studied
extensively since its discovery. A total of ten alternatively spliced exons, that apparently
combine freely, can be found in this gene (Juvonenet al. 1992, Juvonenet al. 1993,
Juvonen & Pihlajaniemi 1992, Peltonenet al. 1997, Pihlajaniemi & Tamminen 1990).
Theoretically, 10 exons that combie freely can give rise to a total of 1024 different
polypeptides, but only a fraction of this number is found when the mRNAs are analyzed.
Analyses covering both the COL1 and NC2 domains of human mRNA demonstrate that
at least 12 mRNA species exist through the alternations of exons 3B-5, 12, and 13. In the
COL1 domain six of the 16 potential combinations of the exons 3B-5 were found to exist
in mRNAs, and as a result, the length of the COL1 domain varied between 57 and 104
amino acid residues. Exons 12 and 13 encoding most of the NC2 domain were found to
be alternatively spliced and because these exons never coexisted in the mRNAs the length
of NC2 domain varied between 12 and 34 amino acid residues (Juvonenet al. 1992,
Juvonen & Pihlajaniemi 1992). The length of the COL3 domain varies between 208 and
235 residues, because of alternative splicing of exons 29 and 33. The length of NC4
domain is 18 residues (Juvonenet al. 1993). Peltonenet al. (1997) found eight common
variants and nine rare combinations of alternatively spliced exons in an analysis of long
RT-PCR fragments when mouse mRNAs were studied. The lengths of the polypeptides
encoded by the alternatively spliced transcripts varies from 651 to 710 residues.

In the case of other collagens alternative splicing of their pre-mRNAs usually takes
place at different stages of embryogenesis (Nahet al. 1996, Oganesianet al. 1997,
Pallanteet al. 1996, Yoshiokaet al. 1995) or is restricted to the processing of introns at
the 5’ or 3’-end of pre-mRNA (Fenget al. 1994), (Inoguchiet al. 1995, Muragakiet al.
1990b, Muragakiet al. 1995, Rehn & Pihlajaniemi 1995, Saittaet al. 1992, Sugimotoet
al. 1994, Zanussiet al. 1992) but an example of alternative splicing of internal introns
has also been found in theα1(VI) gene (Stokeset al. 1991). The factors that regulate the
alternative splicing of collagen pre-mRNAs are not known. For reviews on alternative
splicing involving collagens, see Boydet al. (1993) and Sandell (1996).

2.5.2.1.3. Tissue distribution

An interesting feature of type XIII collagen is its expression pattern which includes a
wide range of tissues, although the mRNA levels appear to be relatively low. The mRNA
for type XIII collagen can be detected in bone, cartilage, intestine, skin and striated
muscle by Northern hybridization. In addition,in situ hybridization with human fetal
tissues has revealed it to be present in the epidermis, cartilage, hair follicles, intestinal
mucosal layer cells, placenta and nail root cells of the skin. Furthermore, the positive
mRNA signal was detected in the cells in the intestinal mucosal layer, cells forming the
reticulin fibers of the bone marrow and endomycium and at the (pre)articular surfaces and
at the margins of the epiphyses, whereas the hybridization signal was weaker in the
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resting chondrocytes in the middle of the epiphyses. The hybridization signal obtained
with the α1(XIII) collagen cDNA probe in cartilaginous areas of the growth plates was
similar, but less intense, to that obtained with the type II collagen probe. (Juvonenet al.
1993, Sandberget al. 1989). However, the methods used in these studies were not very
sensitive and a later study that used an RT-PCR technique to analyze mouse tissues
revealed the type XIII collagen mRNA to be present also in the liver, spleen, kidney,
small intestine, lung, heart, skeletal muscle, skin, Achilles tendon, sciatic nerve and brain
(Peltonenet al. 1997). In mouse tissues type XIII collagen was found to co-localize with
vinculin in the myotendinous junctions and costameres of skeletal muscle and in the
intercalated discs of the heart. Type XIII collagen was also detected on the basal side of
the intestinal epithelium, in the epididymis and lung, in some capillaries and in the
endoneural sheaths of peripheral nerves. These locations represent a selection of integrin-
mediated adherens junctions, which are thought to be the closest equivalent to focal
adhesions in tissues (Singeret al.1984).

2.5.2.4. Subcellular localization

Analysis of cultured cells with antibodies against type XIII collagen suggested that it is
anchored to the plasma membrane by a transmembrane segment located near its amino
terminus (Hägg 1998). All the cell types studied had type XIII collagen in the focal
adhesions at the ends of actin stress fibres and this collagen also co-localized with the
known focal adhesion components talin and vinculin. This co-localization was also
observed in rapidly forming adhesive structures of spreading and moving fibroblasts and
in dissociating focal adhesions. These results combined with data on the tissue
distribution of type XIII collagen and the studies on the recombinant protein strongly
suggest that type XIII collagen has a cell adhesion-associated function in integrin-based
cell matrix junctions. This is analogous to the role of type XVII collagen as an integral
component of hemidesmosomal junctions in certain stratified squamous epithelia, but the
tissue distribution of type XIII collagen of the adherens junctions is much wider (Gatalica
et al. 1997, Hägg et al., manuscript). Type XIII collagen is thus a novel cell adhesion
protein, and is predicted to contain structures that have mechanical strength as well as the
potential to provide adhesion surfaces necessary for lateral interactions (Hägg 1998).

2.6. Mutations in collagen genes

Mutations in collagen genes have been characterized in many heritable disorders such as
osteogenesis imperfecta, osteoporosis, osteoarthrosis, aortic aneurysms, several
chondrodysplasias, several subtypes of the Ehlers-Danlos syndrome, X-linked and
autosomal Alport syndrome and dystrophic forms of epidermolysis bullosa. Excessive
collagen accumulation also poses a common problem in medicine, as it often leads to
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fibrosis and impairment of the normal functioning of the affected tissue. The genetic
factors underlying these diseases can be point mutations which cause amino acid
substitutions, shifts in the reading frame or premature stop codons. Larger mutations,
such as deletions and insertions, have also been found (Balarinet al. 1999, Prockop &
Kivirikko 1995, Zhouet al. 1993). The nature of the diseases caused by mutations in the
collagen genes is usually dominant. This dominant-negative effect of these mutations is
probably due to the ”molecular suicide”: the three collagenα chains assemble into a
trimeric molecule and if one of the chains is defective the whole trimer is unfunctional
and is degraded.

Mutations have been identified in only 13 of the 33 collagen genes that have been
described, which indicates that research on the genetic defects that affect collagens is still
in its infancy. It is also possible that mutations in the collagen genes are lethal at embryos
and fetuses are aborted before detection. The up-dated list of known mutations in
collagen genes can be accessed at http://genome-www.stanford.edu/genecards/ (Rebhan
et al. 1997) or from the Human Gene Mutation Database (Krawczak & Cooper 1997).
For literature reviews, see Kivirikko (1993) and Kuivaniemiet al. (1997). Dalgleish
(1997) described a database of mutations in the COL1A1 and COL1A2 genes, accessible
on the World Wide Web (http://www.le.ac.uk/gene-tics/collagen/col1a1.html and
http://www.le.ac.uk/genetics/ collagen/col1a2.html).

2.7. Generation of genetically altered mice

The genetically altered mice can be classified into three categories. The first category
comprises mice that nature created by spontaneus mutation. In the second category man-
made mutations are generated by random insertion of a gene construct into the host
genome. The third category of transgenes provides a very powerful tool for investigators,
as this methodology enables the targeted introduction of a gene construct that replaces the
original gene.

Spontaneus mutations that affect the individual’s genotype and possibly also
phenotype are the basis of natural selection. Using this natural variation, man has bred all
domestic animals and plants. There are also a wide spectrum of mouse lines that are
based on spontaneus mutations that were detected. Modern transgenic mouse research
began in the 1980’s when the first man-made transgenic mice were generated. Those
animals were established by microinjection of cloned DNA into the nuclei of fertilized
mouse oocytes (Gordonet al. 1980), a technology developed from earlier work that used
viruses to carry DNA into mouse embryos (Jaenisch 1976). With nuclear injection of
DNA, germ-line transmission and expression of transgenes was achieved (Brinsteret al.
1981, Costantini & Lacy 1981, Gordon & Ruddle 1981, Wagneret al. 1981a, Wagneret
al. 1981b). This was followed by a report of a specific phenotype associated with
transgene expression (Palmiteret al. 1982). From then on, transgenic mice have been
used to address biological questions ranging from the action of oncogenes to the immune
system and developmental gene regulation (Jaenisch 1988). The common feature of these
studies is the method of integation of DNA into genome. Here the DNA is injected into



28

the oocyte and random ingration into the genome occurs. In the worst case, the events
that are detected are due to inactivation of the another gene, but with careful analysis, this
technique can be applied to the wide spectrum of research, e.g. overexpression of the
gene, expression of the gene in inappropriate tissues, and expression of mutated DNA
(Grosveld & Kollias 1992).

With gene targeting, a any sequence in the genome can specifically be altered,
provided that the sequence was cloned and characterized. In this tecnique, DNA is
modified and introduced into the pluripotent embryonic stem cells by homologous
recombination. The mutated allele is transmitted to offspring through the mouse germline
and homozygous mutant animals are derived from intercrosses of heterozygous animals.

The technical development that enabled the manipulation of the mouse germline
offered a new platform for clinical and basic research. This technology became available
when Evans & Kaufman (1981) and Martin (1981) showed how to grow pluripotential
embryonic stem (ES) cells in culture. If the totipotency of ES-cells is maintained, they
can be returned into the mouse embryo and contribute to all tissues, including the germ
line (Bradleyet al. 1984). With this technology, DNA under investigation is introduced
into the nuclei of the ES cells using electrotransfection. The foreign DNA then integrates
into the nuclei of ES cells, and if this DNA carries selectable markers the new phenotype
can be observed (Gossleret al. 1986, Hooperet al. 1987, Kuehnet al. 1987, Robertson
et al. 1986). The most significant development in this technology was the ability to target
specific genes in ES-cells (Doetschmanet al. 1987, Thomas & Capecchi 1987), which
enabled the generation of loss-of-function mutations in the mouse (Schwartzberget al.
1989, Zijlstraet al.1989).

The second advance of targeting studies was the use ofCre recombinase (for a review,
see Galli-Taliadoroset al. 1995). The use ofCre-enzyme which recognizes theloxP-sites
of P1-phage enabled also so called “knock-in” and “conditional knock-out” experiments
where gene DNA be inserted to the exact position of genome or, as in latter example, the
gene can be inactivated at selected tissues. (Guet al.1994, Kuhnet al.1995).

The development of gene targeting protocols that involve homologous recombination
in mouse ES-cells has resulted in the production of a considerable number of mutant
mouse lines with specific phenotypes. Several hundred such “targeted” mice have now
been created (Brandonet al. 1995c, Brandonet al. 1995a, Brandonet al. 1995b, Jasinet
al. 1996, Müller 1999). See also TBASE, http://tbase.jax.org/. These animals offer an
unparallel tool for detailed studies of specific diseases and for understanding the genetic
aspects of our daily life.
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2.8. Animal models in collagen research

2.8.1. Spontaneous mutations

Three mouse lines with spontaneous mutations in the collagen genes have been
characterized. (Table 3).cho mice have chondrodysplasia and mice homozygous for this
autosomal recessive mutation die at birth with abnormalities in the cartilage of limbs,
ribs, mandible and trachea. The mutation responsible for this phenotype is the deletion of
a cytidine residue approximately 570 nucleotides downstream of the translation initiation
codon in theα1(XI) mRNA. This causes a shift in the reading frame and a premature stop
codon (Liet al.1995b, Seegmilleret al.1971).

The second spontaneous mutation,Dmm, results in disproportionate micromelia. The
phenotype of the mice homozygous for this autosomal dominant mutation with
incomplete penetrance includes disproportionate micromelia, thoracic dysplasia and cleft
palate (Brownet al. 1981, Paceet al. 1997). The chondrocytes of the epiphyseal growth
plates are not organized into columns, and ultrastructural analysis reveals excessive
dilation of the endoplasmic reticulum and a paucity of collagen fibrils in the extracellular
matrix. Mapping studies revealed tight linkage to locusCol2a1 and sequencing of the
α1(II) collagen cDNA from affected animals revealed a three-nucleotide deletion in the
region that encodes the globular domain of the C-terminal propeptide. Mice bearing the
Dmm mutation have served as a useful model not only for the pathogenesis of several
human chondrodysplasias but they have also revealed novel insights into normal skeletal
morphogenesis.

Table 3. Natural collagen mutations in mice
Locus Mouse disorder Mutation Mutant phenotype Human disorder
cho chondrodysplasia single base

deletion in
Col11a1

absence ofα1(XI) collagen in
cartilage, abnormally thick
collagen fibrils, short spine
and long bones cleft palate,
completely disorganized
growth plate in cho/cho mice

lethal
chondrodys-
plasia

Dmm disproportionate
micromelia

three
nucleotide
deletion in
Col2a1

reduced collagen II content;
shortened long bones and
spine, small rib cage, growth
plate abnormalities

Stickler
syndrome

oim osteogenesis
imperfecta
murine

single base
deletion in
Col1a2

absence ofα2(I) collagen
fibrils in skin and bone
progressive skeletal
deformities, bone fractures,
osteopenia

osteogenesis
imperfecta type
III
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The third mutation,oim, is a nonlethal recessively inherited mutation which gives rise
to phenotypic and biochemical manifestations that are similar to human osteogenesis
imperfecta of the moderate to severe types. The phenotype of mice homozygous foroim
includes skeletal fractures, limb deformities, generalized osteopenia and small body size.
Labeling studies have demonstrated an absence ofα2(I) collagen chains from the
fibroblasts ofoim mice. Nucleotide sequencing of the cDNA encoding the C-terminal
propeptide of theα2(I) chain revealed the deletion of a G residue at nucleotide position
3983, which results in an alteration of the sequence of the last 48 amino acid residues
(Chipmanet al.1993).

2.8.2. Transgenic mice with dominant-negative mutations

Mov-13, the first transgenic mouse with a dominant-negative mutation in a collagen gene,
was generated by retroviral insertion. The integration of a murine retrovirus in the first
intron of the Col1a1 gene resulted in a null allele that is blocked at the level of
transcription. Heterozygous mice containing the null allele and wild-type alleles have
served as a useful model for osteogenesis imperfecta type I (Bonadioet al. 1990,
Schniekeet al.1983)(Table 4).

The way the three collagenα chains assemble into a trimeric molecule gives an
indispensable tool for collagen researcher allowing a “molecular suicide” strategy to be
employed when generating animal models for collagen disorders. Applying this technique
the entire collagen molecule can be disrupted in a dominant negative manner by changing
only one of theα chains. Khillanet al. (1991) used such a strategy to disrupt type I
collagen by producing a “mini” version of the gene for the human proα1(I) chain,
modeled after a sporadically occurring in-frame deletion that results in a lethal variant of
osteogenesis imperfecta in human. The shortened proα1(I) chains were found to associate
with the murine wild-type proα1(I) and proα2(I) chains resulting in abnormal fibers,
which leads to degradation of both the mutant and the wild-type polypeptides.

Similar studies were conducted on type II collagen by Vandenberget al. (1991) who
produced a series of “minigene” versions for human type II procollagen that lacks
sections of varying sizes from the molecule. One of the constructs, where a large central
region containing 12 of the 52 exons is deleted, was used to generate five lines of
transgenic mice expressing the transgene. A large proportion of the mice developed
chondrodysplasia with dwarfism and had short and thick limbs, short snout, cranial bulge,
cleft palate and delayed mineralization of bone. A number of the animals died shortly
after birth. These results were later confirmed by Helminenet al. (1993) in independent
studies. Metsärantaet al. (1992) generated a transgenic mouse line with a 15-amino acid
deletion in theCol2a1 gene. These animals had a severe chondrodysplastic phenotype
which included short limbs, a hypoplastic thorax, abnormal craniofacial development and
other skeletal deformities. The affected pups died at birth due to respiratory distress
apparently caused by a marked reduction in cartilagenous extracellular matrix, disruption
of the normal organization of the growth plate, a severe reduction in the amount of
cartilage collagen fibrils and abnormalities in their structure.
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Another collagen studied by the “molecular suicide” stategy was type IX collagen.
This collagen is a heterotrimer made up of three distinct polypeptides,α1(IX), α2(IX)
andα3(IX). Nakataet al. (1993) generated a mouse line with a truncatedα1(IX) chain
whose expression was controlled by a tissue-specific promoter/enhancer element. The
offspring of two different founders were found to have pathological changes similar to
osteoarthritis in the articular cartilage of the knee joints. In addition, mice homozygous
for the transgene developed mild chondrodysplasia.

A slightly different approach to procollagen “suicide” was employed by Jacenkoet al.
(1993) and Chunget al. (1997), who produced a transgenic mouse line which carried a
large in-frame deletion generated into chicken type X collagen. These truncated collagens
affected to the formation of native chains by disrupting either the triple-helix formation or
fibril formation. The mice developed skeletal and craniofacial deformities which included
compression of the hypertrophic growth plate cartilage. They also had decreased
formation of new bone, leukocyte deficiency in the bone marrow, lymphopenia and a
reduction in the size of the thymus and spleen.

A dominant-negative phenotype can be generated not only with large deletions but
also by targeting point mutations to certain regions in collagen molecules. Staceyet al.
(1988) showed that transgenic mice bearing an alteredα1(I) collagen gene with a specific
glycine to cysteine substitution has a dominant-lethal phenotype similar to the human
disease osteogenesis imperfecta type II. The transgenic mouse line was constructed in a
Mov-13 background that may have contributed to the severe phenotype. These authors
also demonstrated that only a small amount of the mutant protein (accounting for 10 % of
the type I collagen pool in the cells) is needed to disrupt normal collagen function. Liuet
al. (1995) showed that mice with mutations in the collagenase cleavage site of theα1(I)
chain develop marked fibrosis of the dermis similar to that in human scleroderma. The
third example of the effects of point mutations is provided by a glycine to cysteine
mutation at residue 85 of the mouse type II collagen. The offspring of different founders
displayed phenotypes similar to severe chondrodysplasia, characterized by short limbs
and trunk, cranio-facial deformities and cleft palate. The affected pups died at birth
because they were unable to inflate their lungs. The cartilage anomalies displayed by
these transgenic mice are remarkably similar to those of certain human chondrodysplasias
(Garofaloet al.1991).

Overexpression of the gene of interest can also be used to model disease. Garofaloet
al. (1993) showed the applicability of this approach to the study of complex
multicomponent protein assemblies. Their results show that overexpression of the wild-
type mouseα1(II) collagen led to the development of thick, abnormal collagen fibrils.
Furthermore, the highest expression level of the transgene was associated with the highest
proportion of abnormal fibrils and the affected pups died at birth. The authors proposed
that an imbalance in the constituents of the cartilage collagen fibrils might disrupt the
mechanism that controls fibril assembly.
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Table 4. Transgenic mice created via retrovirus insertion or pronuclear microinjection
Altered/Expressed
locus

Mutant mouse phenotype Human disease
Reference

Retrovirus insertion
into the first intron
of Col1a1gene

Embryonic lethality in homozygous mice;
reduced collagen collagen type I content
associated with hearing loss and decreased
mechanical strength of long bones in
heterozygous mice

Osteogenesis
imperfecta type I
(Bonadioet al.1990)

Glycine to cysteine
substitution in
Col1a1cDNA

Perinatal lethality in founder mice, short
and wavy ribs, short and broad long bones,
poor mineralization

Osteogenesis
imperfecta type II
(Staceyet al.1988)

Central in-frame
deletion in
COL1A1cDNA

Lethal phenotype with with fractures of
ribs and long bones in mice expressing
high levels of transgene;
Fractures and reduced collagen and
mineral content in mice expressing
moderate levels of transgene

Osteogenesis
imperfecta type II
(Khillan et al.1991)

Osteoporosis
(Pereiraet al.1993)

Glycine to cysteine
substitution in
mouseCol2a1
cDNA

Perinathal lethality, cleft palate, short
limbs and trunk, craniofacial
abnormalities, disorganization of growth
plate

Spondyloepi-physeal
dysplasia
(Garofaloet al.1991)

15 amino acid
deletion inCol2a1
cDNA

Perinathal lethality and skeletal
deformities characterized by short limbs,
cartilage hypoplasia and fragility, cleft
palate, disorganization of growth plate

Spondyloepiphyseal
dysplasia
(Metsärantaet al.

1992)

Central in-frame
deletion in COL2A1
cDNA

Perinathal lethality associated with
dwarfism, cranial bulge and cleft palate in
the most severely affected mice;
Degenerative changes of articular cartilage
in viable, older mice

Chondrodysplasia
(Vandenberget al.

1991)
Osteoarthritis
(Helminenet al.1993)

In-frame deletion in
Col9a1cDNA

Mild proportionate dwarfism, eye
abnormalities, degenerative changes in
articular cartilage

Chondrodysplasia
Osteoarthritis
(Nakataet al.1993)

Central in-frame
deletions in chicken
α1(X) collagen
cDNA

Skeletal deformities including mild
dwarfism neck lordosis and thoracolumbar
kyphosis, compression of the hypertrophic
region of growth plates

Spondylometaphyseal
dysplasias
(Jacenkoet al.1993)

Metaphyseal
chondrodysplasia
(Chunget al.1997)

Phenotypic variability and incomplete penetrance of a trait are frequently observed in
human monogenic diseases such as osteogenesis imperfecta. Pereira et al. (1993, 1994)
demonstrated that phenotypic variability and incomplete penetrance were not explained
by variations in genetic background or levels in gene expression by expressing a mutant
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COL1A1 gene in an inbred mouse strain. Instead, the authors suggested that phenotypic
variation is an inherent feature of the expression of mutated collagen genes.

2.8.3. Targeted mutations in collagen genes

The inactivation of a gene by gene targeting can be used for loss of function studies. In
collagen research these kinds of studies have been done for collagen chainsα1(II),
α1(III), α3(IV), α2(V), α2(VI), α1(IX), α1(X), α1(XV) andα1(XVIII) (Table5).

Homologous recombination in embryonic stem cells was used to generate a transgenic
mouse with an inactivatedCol2a1 gene. Homozygous mice developed into fetuses that
were born vaginally but died either just before or shortly after birth. The cartilage in these
mice consisted of highly disorganized chondrocytes and had a complete lack of
extracellular fibrils as discerned by electron microscopy. These results demonstrated that
a well-organized cartilage matrix is required as a primary tissue for the development of
some components of the vertebrate skeleton, but is not essential for others (Liet al.
1995b) (Table 5).

In the experiment where murineCol3a1 gene was inactivated, about 10% of the
animals completely lacking theα1(III)-chain survived to adulthood but had a much
shorter lifespan compared with wild-type mice. The major cause of death in the mutant
animals was rupture of the major blood vessels, similar to patients with type IV Ehlers-
Danlos syndrome. Ultrastructural analysis of tissues from the mutant mice revealed that
type III collagen is essential for normal type I collagen fibrillogenesis in the
cardiovascular system and other organs (Liuet al.1997).

Cosgroveet al. (1996) produced a mouse model for the autosomal form of Alport
syndrome by generating aCol4a3 knockout. The mice developed progressive
glomerulonephritis with microhematuria and proteinuria and end-stage renal disease
could be seen at about 14 weeks. Immunofluorescence analysis of the glomerular
basement membrane showed the absence of type IV collagenα3(IV), α4(IV) andα5(IV)
chains as well as the persistence ofα1(IV) and α2(IV) chains, which normally locate
only in the mesangial matrix. Later the authors reported ultrastructural, physiological and
molecular defects in the inner ear of a knockout mouse model for autosomal Alport
syndrome (Cosgroveet al.1998).

In order to test how type V collagen controls the physicomechanical properties of
collagen fibrils, Andrikopouloset al. (1995) generated mice with a structurally abnormal
α2(V) collagen chain by deleteting exon 6 (Table5). Mice homozygous for the mutation
survived poorly, possibly because of complications from spinal deformities. In addition,
these mice exhibited skin and eye abnormalities caused by disorganized type I collagen
fibrils. These results demonstrate that type V collagen is a key determinant in the
assembly of tissue-specific matrices and provide an animal model for human connective
tissue disorders.

A mouse model for human disease Bethlem myopathy is a mouse line that lacks type
VI collagen (Bonaldoet al. 1998). The homozygous mutant mice showed histological
features of myopathy such as fiber necrosis, phagocytosis and a pronounced variation in
fiber diameter. Their muscles also showed signs of stimulation of fiber regeneration. An
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interesting feature of this study is that it also indicates haploinsufficiency of theCol6a1
gene function because similar, although milder, alterations were detected in heterozygous
animals. The haploinsufficiency of COL6A1 gene is found also in human patients
(Lamandéet al. 1998, Pepeet al. 1999). These data show that collagen VI is necessary
for the maintenance of the integrity of muscle fibers. The phenotypes of the knock-out
mice can be quite surprising, as in the case of type IX and X knockouts.

Table 5. Mice with targeted mutations in collagen genes
Inactivated/Altered
locus

Mutant mouse phenotype Human disease
Reference

Null mutation for
Col2a1

Perinatal lethality of homozygous mice, cleft
palate, abnormal cartilage, disorganized
growth plate, lack of bone marrow

Achondrogenesis
type II
(Li et al.1995b)

Null mutation for
Col3a1

Much shorter life span compared with wild-
type mice, rupture of the major blood
vessels, disturbed fibrillogenesis

Ehlers-Danlos
syndrome type IV
(Liu et al.1997)

Null mutation for
Col4a3

Postnathal lethality of null mutants due to
renal failure; progressive glomeluronephritis
with proteinuria and microhematuria

Autosomal Alport
syndroma
(Cosgroveet al.

1996)

Deletion of exon 6
in Col5a2

Spinal deformities, skin and eye
abnormalities associated with the
disorganization of dermal and corneal
collagen fibrils

Ehlers-Danlos
syndrome
(Andrikopouloset

al. 1995)

Null mutation for
Col6a1

Histological features of myopathy such as
fiber necrosis and phagocytosis and a
pronounced variation in the fiber diameter,
stimulated regeneration of fibers.

Bethlem myopathy
(Bonaldoet al.

1998)

Null mutation for
Col9a1

Degenerative changes of articular cartilage
of older homozygous mice

Multiple epiphy-seal
dysplasia
(Hagget al.1997)

Null mutation for
Col10a1

No gross alterations in skeletal
development;
abnormal distribution of cartilage matrix
components, altered bone content,coxa
vara

Schmid metaphyseal
chondrodysplasia
(Rosatiet al.1994)

Null mutation for
Col15a1

Mild muscle disorder (Eklundet al.1998)

Null mutation for
Col18a1

No phenotype observed (Fukai,N.
unpublished)
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The mouse strain lacking type IX collagen viable and shows no detectable abnormalities
at birth but later develops a severe degenerative joint disease that resembles human
osteoarthritis (Hagget al.1997).

The knock-out for type X collagen had no phenotypic effects at all, the mice were
viable and fertile and had no gross abnormalities in the growth or development of the
long bones (Rosatiet al. 1994). This lack of phenotype is surprising because the
phenotype of the dominant-negative mouse was quite severe. However, in 1997 Kwanet
al. reported the phenotype of the type X collagen null-mouse to be similar to human
Schmid metaphyseal chondrodysplasia (SMCD). This case shows that the development of
the analytical tools can help uncover phenotypes which were classified as normal before.
To date, null mutations have also been generated for collagen types XV and XVIII but
they have not been associated with pronounced phenotypes (Eklundet al. 1998, Fukai,N.
unpublished).



3. Outlines of the present research

When this work started type XIII collagen was characterized partially. Later the primary
structure of this protein was elucidated but the genomic organization of the gene
remained unclear. The apparent co-localization of genes for human type XIII collagen
and prolyl 4-hydroxylaseα-subunit raised the question of the physical distance between
these genes. The most important question to be answered was that concerning the
function of type XIII collagen. To find out the genomic organization and facilitate the
functional studies this gene, the following aims were set:

1. to isolate and characterize the genomic clones for the mouseCol13a1gene, to
determine the genomic organization, transcriptional initiation sites and
chromosomal localization of this gene and to compare it with the human
homologue,

2. to determine the relative transcriptional orientation of the human COL13A1 and
P4HA genes, and the physical distance between them; and

3. to produce mice with an altered type XIII collagen gene, and to analyze the
consequences of the alteration.



4. Materials and methods

The detailed descriptions of the materials and methods are explained in original articles I-
III.

4.1. Characterization of genomic organization (I, II)

A mouse genomic library (951303; Stratagene, La Jolla, CA) in the cosmid vector
pWE15 was screened with a mouse type XIII collagen cDNA clone according to standard
protocols (Sambrooket al. 1989). In addition, a 129Svj mouse genomic library (961301;
Stratagene) was screened to obtain the 5’ end of the type XIII collagen gene using a 5’
PCR fragment as a probe since positive clones were not found from the other library. The
same library was also screened for the 3’ end using an oligonucleotide from exon 41 as
the probe. Positive clones were picked out and DNAs were isolated by the alkaline lysis
method. P1 clones were obtained from Genome Systems Inc. (St. Louis, MO) by PCR
screening of P1 libraries with oligonucleotides corresponding to intron sequences
adjacent to exons 1, 7 and 15. A 5’-end genomic clone of human type XIII collagen was
obtained by screening a human genomic library (951202; Stratagene) using anEco RI-
fragment from clone CL412 as a probe. This clone, and the 3’-end genomic clone, D2,
were generous gifts from Dr. Karl Tryggvason (University of Oulu, Oulu, Finland) (Tikka
et al.1991).

Inserts were released from the cosmid clones byNot I digestion and from the P1
clones byNot I and Sfi I digestions for restriction mapping, after which the DNAs were
partially digested with the restriction enzymesBam HI, Eco RI, Hind III or Xba I. The
partially digested fragments were then separated by pulse field electrophoresis. The size
and order of the fragments were defined by Southern blotting and hybridization with the
insert-end-specific oligonucleotides T7, T3 or SP6 (Evanset al. 1989). Complete
digestion of the released inserts was used to certify the restriction fragment sizes. The
final restriction map was achieved by subcloning and sequencing the regions of the gene
which could not be sequenced directly using cosmid or P1-clones as a template. The
approximate exon locations were determined by Southern blotting and hybridization of
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complete digestions with exon-specific oligonucleotides. More accurate intron sizes were
determined by amplifying the intron areas by PCR using exon-specific primers and
separating the products by electrophoresis.

The intron-exon boundaries were sequenced directly from the cosmid and P1 clones
using an ABI automatic sequencer (Perkin-Elmer, Norwalk, CT), theT7Sequencing Kit
(Amersham Pharmacia Biotech, Uppsala, Sweden) and the Cycle Sequencing Kit
(Amersham Pharmacia Biotech) (Sangeret al. 1977). The gene areas that could not be
sequenced directly from the P1 clones were examined by subcloningHind III and EcoRI
fragments to the Bluescript (Stratagene) vector and sequencing them with the
T7Sequencing Kit (Amersham Pharmacia Biotech).

DNA from tail, liver or spleen was extracted according to standard protocols to
genotype the transgenic mice (Sambrooket al. 1989). The PCR amplifications were
performed using three primers, one common primer pairing with two distinct primers, in a
single reaction. Each pair was specific for either the wild-type (+) or the transgene (-),
making it possible to distinguish -/-, +/- and +/+ genotypes in a single reaction. For
Southern hybridizations liver or spleen DNA was digested withXba I, after which the
hybridizations were done as described in Sambrooket al. (1989).

4.2. Isolation of RNA and RT-PCR (I, III)

Total RNA was isolated from cultured skin fibroblasts by acid guanidinium
isothiocyanate-chloroform-phenol extraction (Chomczynski & Sacchi 1987). The RNA (6
µg) was transcribed into single-stranded DNA using a type XIII collagen-specific
oligonucleotide primer. One microliter of the RT reaction was used as a template in PCR
amplification usingCol13a1–specific sense and antisense oligonucleotide primers. In
negative control samples the template was omitted. The PCR products were separated
electrophoretically on agarose gels and the DNA was recovered from agarose by phenol
extraction and sequenced.

4.3. Northern analysis (I)

A mouse Multi-Tissue Northern blot (Clontech Laboratories, Inc. Palo Alto, CA)
prepared by gel electrophoresis of 2µg/lane of poly A+ RNA isolated from various adult
mouse tissues was hybridized with aα-32P-labeled 756-bpPvu II fragment of mouse type
XIII cDNA with ExpressHyb (Clontech) hybridization solution according to protocols
from the manufacturer's manual (Yang & Kain 1995).
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4.4. Nuclease S1 and 5’-RACE assays (I)

S1 nuclease probe protection experiments were performed as described previously using
a 5' end-labeled PCR fragment flanking 5’-end of the gene as a probe (Pihlajaniemi &
Myers 1987, Sambrooket al. 1989). The double-stranded probe was hybridized to 20 µg
of total RNA from mouse lung. After hybridization, S1 buffer was added, and the mixture
was digested with S1 nuclease (Boehringer Mannheim GmbH, Mannheim, Germany) at
room temperature. The protected fragments were analyzed on a polyacrylamide gel. The
total RNA from adult mouse lung was a generous gift from Dr. Sirkku Peltonen
(University of Turku, Turku, Finland) and was isolated by guanidium isothiocyanate-
chloroform-phenol extraction (Chomczynski & Sacchi 1987).

To prepare 5’RACE cDNA clones corresponding to the initiation of transcription,
blunt-end cDNA was generated using a 5’ untranslated region primer, poly A

+
RNA from

a 18.5 d mouse embryo and the TimeSaver cDNA synthesis kit (Amersham Pharmacia
Biotech) as described in Rehn and Pihlajaniemi (1995). After linker ligation and two
successive rounds of PCR amplification, the product was digested and cloned. Positive
colonies were lysed and their DNA was transferred to nitrocellulose filters, which were
then screened using a genomic sequence corresponding to the 5’ untranslated region of
the mouse type XIII collagen gene as the probe. Positive colonies were picked and the
isolated DNA was sequenced using theT7Sequencing Kit (Amersham Pharmacia
Biotech).

4.5. Chromosomal localization (I,II)

4.5.1. Determination of chromosomal location by linkage using single-
strand conformational polymorphism

Primers were designed to amplify a region corresponding to the intron 25 sequences of
Col13a1in order to test for single strand conformation polymorphisms (SSCPs) between
the mouse strains. These were analyzed as described in Beier (1993). Briefly, genomic
DNAs from a series of mouse strains were amplified with radiolabeled oligonucleotides,
denatured and electrophoresed in a 6 % non-denaturing acrylamide sequencing gel. One
set of primers were used to identify a series of polymorphisms between the C57BL/6J and
M. spretus, which were then used to analyze DNA prepared from the BSS backcross
(Roweet al. 1994). The strain distribution pattern was analyzed using the Map Manager
Program (Manly 1993).

4.5.2. Fluorescence in-situ hybridization

The mouse fibroblast cell line L-929 (DSM, Germany) was used as a source of metaphase
chromosomes. Cells were cultured according to standard protocols and treated with 5-
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bromodeoxyuridine (BrdU) to induce a banding pattern (Lemieuxet al. 1992, Matsudaet
al. 1992).

Two genomic clones specific to the mouseCol13a1 gene were labeled by nick
translation and the FISH procedure was carried out as described earlier (Lichteret al.
1988, Pinkelet al. 1988, Tenhunenet al. 1995). Specific hybridization signals were
visualized using FITC-conjugated avidin (Vector Laboratories, Burlingame, CA) and the
slides were counterstained with DAPI (4'-6'-diamino-2-phenylindole, 0.025 µg/ml).
Multicolor digital image analysis system was used to acquire, display and quantify the
hybridization signals from the metaphase chromosomes (Heiskanenet al.1996a).

The transcriptional orientation of the human type XIII collagen and prolyl 4-
hydroxylaseα subunit genes was studied using mechanically stretched chromosomes and
probes specific for the 5’ and 3’ ends of both of these genes (Laanet al. 1995).
Determination of the clone order was based on stretched chromosomes, interphase nuclei
and fiber FISH (Heiskanenet al.1996b).

4.6. Nucleotide sequence analysis (I, III)

Nucleotide sequence data were analyzed using either DNASIS (Amersham Pharmacia
Biotech) or GCG Sequence Analysis Software Package (Genetics Computer Group Inc,
Madison, WI) (Devereuxet al. 1984). Consensus sites for the binding of transcription
factors were searched for in the Transcription Factor Database using the GCG’s
FINDPATTERNS and GAP, BESTFIT, FASTA and PLOTSIMILARITY programs were
used for alignments and homology searches. The human and mouse promoters were
predicted with the PROSCAN (Prestridge 1995, see http://bimas.dcrt.
nih.gov/molbio/proscan/) and TSSG programs (Solovyev V.V., Salamov A.A., Lawrence
C.B unpublished data, see http://dot.imgen.bcm.tmc.edu:9331 /gene-finder/gf.html). A
primer program was used to select the primer pairs (Rozen & Skaletsky 1997).

4.7. Construction of the targeting vector (III)

A genomic fragment which carries the promoter, the transcription initiation sequences,
the first exon and a part of the first intron of the mouse gene for type XIII collagen was
isolated and subcloned into the pSP72-vector (Promega, Madison, WI). TheloxP
sequence was amplified from the pBSloxP-vector (constructed by R. Fässler) by PCR
using primers flanking theNot I recognition sequences. The PCR product was inserted
into the uniqueNot I site at the 5’ untranslated region. Subsequently, the cassette
containing the neomycin resistance gene (neo), the herpes simplex virus tymidine kinase
gene (HSV-tk) and the loxP sequences (a plasmid containing all these genes and
sequences was constructed by R. Fässler) surrouding the marker genes was inserted into
the uniqueSfi I site which is located in the first intron of theCol13a1gene.
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4.8. Generation of targetted ES cell clones and transgenic mice (III)

For ES cell targeting theCla I-linearized targeting vector was electroporated into R1 ES
cells (ES cells originally described in Nagyet al. 1993). After electroporation the cells
were grown on a G418-resistant feeder layer of mouse embryonic fibroblasts in a medium
containing 400 mg/l of G418. The colonies which were shown to have undergone
homologous recombination were picked, recovered and DNA was characterized by
Southern blots.

Two correctly targeted clones were chosen forCre recombinase treatment. The cells
were electroporated with the pIC-Cre plasmid (a generous gift from Dr. Werner Mueller,
University of Cologne, Germany), which encodes the Cre-protein. Cells were cultured for
four days, after which Ganciclovir (Cymevene, Syntex Nordica AB, Södertälje, Sweden)
selection was started and continued for five days. Positive colonies were picked and
characterized by Southern blots in order to identify altered and conditional types of
recombinants.

Two correctly targeted clones in which the marker cassette was deleted byCre, were
re-expanded and injected into C57BL/6J blastocysts. Five chimeric males were obtained,
and two of them transmitted the mutation into the offspring as mated with C57BL/6J and
129Sv females. Homozygous mice carrying two copies of the mutated alleles were
produced by brother-sister mating of the heterozygous mice. The mice were bred and
maintained in the animal facility of the University of Oulu.

4.9. Adhesion studies (III)

Fibroblast cultures were established from skin biopsies or 10.5 d embryos taken from
normal 129Sv and homozygous mutant mice. The cells were grown under standard
conditions.

One subconfluent plate from each of the five separate cell lines was used for adhesion
studies. The fibroblasts were washed, detached, collected, centrifuged and diluted to
150 000 cells/ml. A 0.2 ml aliquot of this solution was transferred to a cell culture plates
and the cells were allowed to attach for 20, 30, 40 or 60 minutes. After the attachment
period the medium was sucked out and the plate was frozen and assayed with the
CyQuant Cell Proliferation Assay Kit according to the manufacturers instructions
(Molecular Probes, Eugene, Oregon, USA). The wells were counted with the Victor
ELISA-plate reader (Wallac, Turku, Finland).
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4.10. Light microscopic studies (III)

4.10.1 Histology

Heart, brain, muscles, lung, skin, liver, spleen, kidney and testis from 17 week old wild-
type and mutant mice were isolated and frozen in liquid nitrogen. 10µm sections were
cut from the frozen tissues and stained with anti-XIII/NC3 antibodies and hematoxylin-
eosin. For the muscle histology studies, both gastrocnemius and quadriceps muscles from
17 and 42 week old animals were prepared, mounted in embedding medium and frozen
immediately in isopentane precooled in liquid nitrogen. 10µm sections were cut and
stained with anti-collagen IV (Chemicon International, Inc., Temecula, CA), anti-merosin
(ProGen,Tustin, CA), anti-vinculin (Sigma), anti-tenascin-C (Sigma), anti-α5-integrin
(Pharmingen, San Diego, CA) and anti-collagen XIII/NC3 antibodies (Hägget al.
1998b).

4.10.1. Immunofluorescence staining of fibroblasts

For immunofluorescent staining, wild-type and type XIII collagen mutated fibroblasts
were seeded and cultured to the desired density on sterilized glass coverslips for 1, 2, 3,
4, 9 and 12 hours. The cells were fixed and the anti-XIII/NC3, anti-talin and anti-vinculin
antibodies were applied at the appropriate dilutions and incubated for 30 minutes at room
temperature, followed by extensive washing with PBS. The porcine anti-rabbit
fluoresceine (FITC) secondary antibodies were diluted according to the manufacturer’s
(DAKO A/S, Glostrup, Denmark) instructions and allowed to bind to the specimens for
one hour at room temperature. After washing with PBS, the coverslips were mounted on
microscope slides, viewed and photographed using a Leica Aristoplan microscope with
the appropriate filter units.

4.11. Electron microscope studies (III)

For electron microscopic studies the gastrocnemius and quadriceps muscles of wild-type
mice and mice homozygous for N-terminally altered type XIII collagen were used. The
muscles were fixed, dehydrated in acetone and embedded in Epon LX112. Thin-sections
were cut with a Reichert Ultracut E-ultramicrotome (Reichert-Jung, Wien, Austria) and
examined in a Philips CM100 transmission electron microscope (Philips Export B.V.,
Eindhoven, The Netherlands) using an acceleration voltage of 80 kV.



5. Results

5.1. Exon-intron organization of the mouseαααα1(XIII) collagen gene

A total of seven overlapping genomic clones covering the entire mouse type XIII
collagen gene were obtained. The first three clones were identified by screening a
genomic cosmid library with a mouse cDNA fragment and they covered exons 14 – 41.
Then, a cDNA-derived PCR fragment was used as a probe to screen for the 5’ end of the
gene and resulted in the isolation of a clone that contained the first exon, part of the
intron 1 and the 5’ flanking sequences. The last exon of this gene was obtained by
screening the same library with an exon 41-specific oligonucleotide. This clone included
exons 41-42 and the 3’ flanking sequences. The rest of the type XIII collagen gene was
obtained using a commercial screening service. Clone P1-K1, which was obtained by
using oligonucleotides from the first exon, covered exons 1–7, and clone P1-K4 was
obtained by PCR screening with oligonucleotides detecting exons 7 and 15. All in all,
these clones cover over 180 kbp of the mouse genomic DNA, including 135 kbp
corresponding to the type XIII collagen gene.

The mouse type XIII collagen gene was found to consist of 42 exons that range in size
from 8 to 836 bp and the exon-intron boundaries conformed well to the consensus
sequence AG-exon-GT. A Notable feature of this gene was the abundance of 27-bp
exons, as these comprise 10 of the 42 exons. Five of the others were of 36 bp, another
five of 45 bp, three of 54 bp and two 87 bp, while the size of remaining of the exons
varied between 8 and 836 bp. The lengths of the introns were between 90 bp and 40 kbp.
Nucleotide sequences were determined for all the exons, their intron junctions and
intronic sequences for introns 10 – 15, 22 – 26 and 28 – 30. For introns 4 – 6, 8, 9, 16,
17, 19 – 21, 27, 31 – 38, 40 and 41 the sizes were determined by amplifying the intron
areas by PCR using exon-specific primers. Introns 1, 2, 3, 7, 18 and 39 were too large to
be amplified by PCR, so that their sizes were determined from the restriction map.
Domain transitions from NC1 to COL1 domain occurred within the exon 2 and the
subsequent transitions took place at the exons 13, 16, 26, 27 and 40, respectively. Exon
42 consists only of the termination codon and 3’ untranslated sequences. With the
exception of exons 3 and 33, the exons encoding only collagenous sequences begin with a



44

complete codon for glycine, which is characteristic for fibrillar collagen genes. Exon 3
begins with a split codon which codes for glycine and exon 33 begins with an interruption
in the collagenous sequence where a codon for glycine is missing.

Human genomic clones covering the previously incompletely characterized region
encompassing exons 3a – 5 were found when scanning the GenBank data bank for
sequence similarities (GenBank accession number U82211) (Bensonet al. 1998, Tikkaet
al. 1991). The GenBank accession numbers for the mouse type XIII collagen gene are
AF063666-AF063693 and the new GenBank accession number for the 5’ end of the
human type XIII collagen gene is AF071009.

5.2. Analysis of 5’-flanking regions of mouse and human type XIII
collagen genes and sequence comparison

S1 nuclease probe-protection mapping of the mouse gene showed several transcription
initiation sites between 470 and 525 bp upstream of the translation initiation codon, but
the main start site of transcription is 500 nucleotides upstream from the initiation ATG
codon. Six 5'-RACE cDNA clones corresponding to the 5´ end of the mouse mRNAs
were isolated, and all of them started 548 bp before the translation initiation codon.

The 5’-flanking areas of the mouse and human type XIII collagen genes were
sequenced and compared. Analysis of 2642 bp of both flanking regions shows an overall
identity of 58.3%, To see how the identity between the 5’ untranslated and 5’ flanking
regions of the human and mouse genes is distributed, the optimally aligned sequences
were plotted with computer programs. This showed the identity between these two 5’
regions to be quite low but to increase just before the putative promoter areas. A search
for potential promoters with two different computer programs, PROSCAN and TSSG,
pointed to an identical position in both genes, which is the predicted direction of the
promoter. 77.13% identity was found in the computationally proposed promoter and the
adjacent 5’-untranslated areas but no significant homologies were detected upstream of
the putative promoters. Collectively, these data suggest that the promoter of the mouse
type XIII collagen gene is located between -864 and -568 bp upstream of the initiation
ATG. The 5'-flanking region of the mouse type XIII collagen gene before the initiation of
transcription does not contain a complete TATA box but contains a modified TATA-like
box in the position -601 bp before the initiation codon. Lack of a real TATA box is in
agreement with the presence of multiple transcription start sites observed downstream of
this site. The 5’-most cDNA clone found here, starts 53 bp downstream of the modified
TATA box. In the case of the human type XIII collagen gene, a proposed promoter area
was to lie at area from -905 to -605 bp in the 5´ direction with respect to the initiation
ATG, and programs proposed a modified TATA box to lie 636 bp before the initiation
ATG. Furthermore, the 5'-flanking region contains numerous consecutive GC boxes both
in the human and mouse genes. This result changes the location of human promoter
suggested by Tikkaet al. (1991) and places the promoter further in the 5’ direction.
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The putative promoters were also analyzed for the presence of transcription factor
binding sites using the Transcription Factor Data Base (TFDB). A number of consensus
motifs for several transcription factors were identified.

5.3. Chromosomal localization of the genes for mouse and human type
XIII collagen and human prolyl 4-hydroxylase αααα-subunit

A PCR product corresponding to intron 25 ofCol13a1 was analyzed and found to
identify a polymorphism between inbred mouse strains.Col13a1was found to map to
chromosome 10 with a LOD score of 25. The position ofCol13a1with respect to the
flanking microsatellite markers is:D10Mit5 – (2.3±1.6 cM) –Col13a1– (3.4±1.9 cM) –
D10Mit15. Thus SSCP analysis localized theCol13a1to mouse chromosome 10, tightly
linked to the microsatellite markerD10Mit5.

As an alternative approach, the location of the mouseCol13a1 gene was also
determined by fluorescentin situ hybridization. All in all, 68 out of 78 hybridizations
showed a specific location on chromosome 10, band B4.

The genes for human type XIII collagen and prolyl 4-hydroxylaseα-subunit were
superimposed when hybridized on metaphase chromosomes. When mechanically
stretched chromosomes were used as a target for FISH, the gene order was determined to
be centromere–COL13A1–P4HA–telomere. As only rough estimations of the distances
separating these genes could be made based on mechanically stretched chromosomes,
more precise distance measurements between COL13A1 and P4HA genes were
performed using fiber FISH. Based on the the known clone sizes, the distance between
the COL13A1 and the P4HA genes was estimated to be 550 kb and the order of these tail
to tail oriented genes along the chromosome was determined to be centromere–
COL13A1–P4HA–telomere.

5.4. Generation of mice with a mutated type XIII collagen gene

A targeting vector containg a 8 kbpBam I-fragment of type XIII collagen gene,loxP-
sequences and selection marker genes was constructed. The targeting vector was
introduced into ES cells and 360 colonies which survived the selection, and had thus the
targeting construct in their genome, were recovered and DNA of those clones was
analyzed by Southern blotting. In 14 clones the homologous recombination had taken
place, and four clones had obtained all threeloxP sites. Two of these clones were
exposed to theCre treatment and 164 clones that survived Ganciclovir selection were
characterized.

Two clones in which the deletion of a 1200 bp genomic fragment betweenSfi I and
Not I restriction sites was detected were re-expanded and injected into the C57/B6
blastocysts to obtain chimeric males. From five chimeric males tested by breeding with
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C57BL/6J females, two produced heterozygous offspring. A homozygous line carrying
the mutation was established by brother-sister mating of heterozygous mice.

Genotyping of the offspring derived from intercrosses of heterozygotes, pups at
various embryonic stages and aborted embryos revealed that pups were born in the
expected ratios. The homozygous mutant mice appeared normal in their development,
gross anatomy and behaviour, and they were fertile and produced offspring at the same
rate as the heterozygotes. The phenotype of mice with heterogenous background,
obtained from mating C57Bl/6 and 129SvJ mice, did not differ detectably from mice with
pure 129Sv genetic background.

5.5. Analysis of cultured fibroblasts and analysis of mRNA by RT-
PCR

Fibroblasts from both wild-type and mutant mice expressing N-terminally altered type
XIII collagen were cultured and stained with anti-XIII/NC3, anti-phosphotyrosin, anti-
paxillin, anti-talin and anti-vinculin antibodies. No differences in the staining pattern or
morphology was observed. Since the original plan was to produce a type XIII knock-out
mouse line, it came as a surprise that the cells from the transgenic mice showed staining
similar to that in wild-type cells. Therefore, we performed RT-PCR analysis, and a type
XIII collagen transcript was detected. Closer analysis revealed however that a new 5’ end
originating from theloxP site and extending to the first intron had been acquired. The
first intron contains a cryptic splice site which serves as a donor site for splicing to the
second exon in frame. This results in an altered type XIII collagen molecule in which the
coding region of the first exon is replaced by a totally unrelated sequence. The first 96
amino acid residues of the wild-type protein are replaced potentially by either 65 or 11
residues in the altered protein, depending on which two potential initiation methionines is
used. An important change in the new N-terminus is the absence of the cytosolic and
transmembrane domain.

Analysis of cultured skin fibroblasts revealed that the cells from the transgenic mice
did not adhere as well as wild-type cells. The same phenomenon could also be observed
in the test tube after centrifugation, when a pellet of fibroblast cells obtained from the
mice expressing N-terminally altered type XIII collagen detached from the bottom of the
tube more quickly than wild-type cells did.

5.6. Morphological analysis

All tissues of the transgenic mice, except for skeletal muscle, appeared normal when
examined under the light microscope. The skeletal muscle tissues were further
characterized by immunofuorescense staining with anti-collagen IV, anti-merosin, anti-
vinculin, anti-tenascin-C, anti-α5-integrin and anti-collagen XIII/NC3 antibodies. In
general, the diameter and appearance of the muscle fibers was variable and fibers had
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rough edges. The same differences were also detected with anti-collagen IV and anti-
XIII/NC3 antibodies. Staining with the anti-collagen IV antibodies also revealed an
altered appearance of the basement membranes. An irregular banding of the muscle fibers
could be seen after staining with the anti-XIII/NC3 antibodies. An elevated expression of
theα5-integrin was seen in the blood vessels of the muscle as demonstrated with staining
with the anti-α5-integrin antibody. The muscle sections were also stained with an anti-
tenascin-C antibody, but this revealed no apparent differences between the mutated and
wild-type muscles.

5.7. Electron microscopic analysis

Muscle for electron microscopy were collected from 17 and 42 week-old wild-type and
mutated mice. In the 17 week-old mutated mice the most common finding was the
accumulation and enlargement of mitochondria in the muscle cells. Abnormalities in the
z-bands and myofilament organization were also detected. The z-bands showed streaming
and disintegration and the sarcolemmal basement membrane showed a thinner and looser
structure than that seen in the corresponding wild-type mice. In the mutated muscle,
accumulation of unorganized debris near the basement membrane was seen, while
collagen fibers were seen close to the basement membrane in the wild-type animals. The
described abnormalities became increasingly common in older mice. In the 42 week-old
mice expressing N-terminally altered type XIII collagen, some of the muscle fibers were
abnormal in shape and contained deep invaginations of the sarcolemma. Disorganization
of the myofilaments and disruption of the z-bands were also seen. The sarcolemmal
basement membrane was in many cases detached or even totally absent. Deep papillary
projections of the sarcoplasm were also detected.



6. Discussion

Type XIII collagen is transmembrane collagen found in a wide variety of tissues. In
cultured cells it is found concentrated in the focal adhesion plaques. The genomic
organization ofCol13a1gene was analyzed. To study the functionin vivo, mice with an
altered gene were generated.

The present research was initiated by searching and characterizing the genomic clones
for mouse type XIII collagen gene. The gene encoding the mouse type XIII collagen was
found to be about 135 kbp in size and the ensuing mRNAs are about 3000 nucleotides in
length.Col13a1contains 42 exons, which vary in size from 8 to 836 bp. The exon-intron
boundaries conform well to the consensus sequence. The coding sequences are unevenly
distributed in the gene, as the first two exons and introns encompass half of the gene. The
length of the exons which encode noncollagenous parts of type XIII collagen were found
to vary between 8 and 144 bp. The prominent feature ofCol13a1gene is the abundance
of 27-bp exons. In fibrillar collagens the triple-helix is encoded predominantly by exons
of 54 bp or derivatives of this. The common feature for both 27 bp and 54 bp exons is
that exon begins with codon for glycine. The exons ofCol13a1 show also features
characteristic of non-fibril-forming collagens because of the presence of exons of more
variable in size (Christianoet al.1994b, Haymanet al.1991, Liet al. 1991, Lozanoet al.
1985, Peräläet al. 1994, Saittaet al. 1991, Soininenet al. 1989, Tikka et al. 1991,
Wälchli et al. 1992, Zhou et al. 1994). The evolutionary origin of this kind of
arrangement is unknown and leads to the question about the origin of introns but
addressing that question is beyond the scope of this thesis.

A gap in the previously characterized clones encoding the exons 3a – 4b of human
type XIII collagen (Tikkaet al. 1991) was covered by a clone identified when scanning
of the GenBank data bank. This search for sequence similarities revealed one sequence,
GenBank accession number U82211, which contained the human type XIII collagen gene
region covering the missing exons (Bensonet al. 1998). The 99-bp exon 31 in mouse has
not been reported in the human species but is likely to exist there too. The 8-bp exon 3
found both in the mouse clones and in the human high-throughput genomic sequencing
clone is the shortest exon known in collagen genes to date, superseding the 9-bp exon
found in the human gene for theα4 chain of type IV collagen (Boyeet al.1998).
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Characterization of mouse and human cDNA clones predicted a longer N-terminal
noncollagenous NC1 domain than had previously been thought, which prompted us to
study further the 5´-flanking sequences of the mouse and human type XIII collagen genes
(Hägg et al. 1998b, Pihlajaniemi & Tamminen 1990). The study on the human gene
(Tikka et al. 1991) has suggested that the promoter lies within the sequences that is
shown in our studies to represent 5´-untranslated sequences, and thus the data point to a
revised understanding of the promoter and 5´-untranslated sequences of the human type
XIII collagen gene. 2642 bp of sequences preceding the initiation methionine for this
extended NC1 domain were compared between the human and mouse genes and their
homology was found to be low with the exception of the 5´-untranslated region of about
550 bp and an adjacent apparent promoter region of about 350 bp containing a modified
TATAA motif, several GC boxes and other conserved putative cis-acting elements.

The restriction map of the mouse type XIII collagen genomic area, with four
commonly cutting enzymes and two rarely cutting enzymes,Not I and Sfi I was
constructed. Surprisingly, a number of rare sites found in the gene, close to the
noncollagenous sequences encoding exon 1. The mouse type XIII collagen gene includes
six Sfi I restriction sites in total, three of which were in exon areas coding for collagenous
sequences, which is not surprising since a basis for theSfi I recognition sequence is a
glycine codon, and glycine is every third amino acid in collagen sequence. The restriction
map obtained here was used as a tool in gene targeting studies.

The gene encoding mouse type XIII collagen was found to be located in band B4, at
D10Mit5 – (2.3±1.6 cM) –Col13a1 – (3.4±1.9 cM) –D10Mit15 in chromosome 10.
According to the consensus genetic map data maintained in the Mouse Genome Database
at the Jackson Laboratory (http://www.informatics.jax.org), sub-chromosomal linkage
relationships in this region have been conserved on the human chromosome 10q21-22.
This result is consistent with the evidence that the human homologue ofCol13a1 has
been mapped to chromosome 10q22 (Showset al. 1989). We confirmed this location and
determined also that the gene encoding the catalytically activeα-subunit of prolyl 4-
hydroxylase is located about 550 kbp from the type XIII collagen gene. The distance
between COL13A1 and P4HA is so large that several genes can lie between them.
However, these two genes are involved in the same metabolic cascade and little, if
anything, is known about chromosome wide gene regulation. Therefore the possibility
that these two genes share some transcriptional elements can not be entirely excluded.

The genomic clones obtained were used to construct a vector for targeting the type
XIII collagen gene by homologous recombination. The targeting construct contained
threeloxP sites, one in the 5’ untranslated region, and two flanking theneo-TK marker
cassette. Homologous recombination and, subsequently,Cre recombination generated ES
cells where, in one allele, 1.2 kb in the 5’ region of the Col13a1 gene was deleted. Mice
carrying the targeted mutation (which was presumed to cause inactivation of the gene)
were produced, and by mating of heterozygous mice, homozygous mutant mice were
obtained. When the homozygous mutant mice were born, they seemed healthy, had a
normal life span and were fertile. On later studies we found out that instead of total
inactivation, an alteration in the gene was observed, so that these mice express an altered
type XIII collagen with a new N-terminal domain. Results of the RT-PCRs and
subsequent sequencing of these products showed that these chimeras had a new
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translation start codon inside of theloxP-sequence, and the transcript was then correctly
spliced using cryptic donor site located at the beginning of first intron keeping the same
reading frame, therefore the rest of protein was unaltered. Gene targeting has been used
to generate mutations where only part of the protein is altered (Andrikopouloset al.
1995, White et al. 1997) but the unique feature in generating mice expressing N-
terminally altered type XIII collagen is that the translation starting codon is changed and
cryptic splice sequence of the first intron is utilized.

The most obvious phenotypic manifestation of mice expressing N-terminally altered
type XIII collagen was seen in skeletal muscle, which show a number of atrophic
abnormalities. We also examined fibroblasts from these mice and found that the cultured
cells had decreased adhesion to culture plates.

Considering the results of our previous studies which suggested that type XIII collagen
is located in focal adhesions and adhesive tissue structures (Hägget al., manuscript), the
observation that the loss of the transmembrane domain did not affect the development or
postnatal life of the mice expressing the N-terminally altered protein was contrary to the
hypothesized mode of action. This lack of a pronounced phenotype is surprising,
considering that deficiencies or mutations in other collagens usually have severe
consequences (Bonadioet al. 1990, Chunget al. 1997, De Paepeet al. 1997, Hagget al.
1997, Ikegawaet al. 1998, Li et al. 1995b, Liuet al. 1997). On the other hand, there are
studies where the knock-out mice of various collagens were made but only a mild
phenotype was observed (Bonaldoet al.1998, Eklundet al.1998, Rosatiet al.1994).

It was also surprising that the altered collagen is correctly transported into focal
adhesion plaques, as it does not carry a transmembrane domain or a signal sequence.
Apparently the N-terminally altered type XIII collagen is translocated into the lumen of
the endoplasmic reticulum and transported to the plasma membrane of the cells, possibly
by interacting with other plasma membrane molecules and thereby being carried to the
correct location. Despite its altered stucture the protein seems to be stable enough at
physiological temperatures to be detected with an antibodies, as shown by fibroblast
studies. Also, the function of the protein seem not to be severely disturbed.

In order to find potential alterations caused by the expression of the N-terminally
altered protein several tissues were sectioned, stained and analyzed by light microscopy.
The only abnormalities revealed by this analysis were seen in skeletal muscle. To further
define the structural defects, both light and electron microscopic analyses of the
gastrocnemius and quadriceps muscles were carried out. At the light microscopic level
the staining with the hematoxylin-eosin, anti-collagen-IV, anti-merosin, anti-α5-integrin
and anti-collagen XIII/NC3 antibodies revealed changes in the overall structure of the
muscles, as the diameter and appearance of the muscle fibers was different than in wild-
type muscles and differences were also detected with anti-collagen IV and anti-XIII/NC3
antibodies. Staining with the anti-collagen IV antibodies revealed an altered appearance
of the basement membranes and an uneven structure of the muscle fibers could be seen
after staining with the anti-XIII/NC3 antibodies. Staining with the anti-α5-integrin
antibody showed an elevated expression of theα5-integrin in the blood vessels of the
muscle. No apparent differences between the mutated and wild-type muscles were seen
when stained with an anti-tenascin-C antibody.
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In electron microscopic studies the skeletal muscles of seventeen week-old mutant
mice showed considerable accumulation and enlargement of mitochondria, streaming of
the z-disks, loosened structure of the basement membrane, and papillary projections on
the surface of abnormal fibers. These changes seemed to be focal and progressive
because the phenotype is more severe in 42 week-old mice than in younger animals. All
these changes are unspecific and typical to muscles affected by different myopathies
(Engel & Banker 1986). A notable feature of the mice expressing N-terminally altered
type XIII collagen is that they do not show necrosis or regeneration of the abnormal
fibers.

The degenerative changes seen in the muscles of mice expressing N-terminally altered
type XIII collagen type could be explained by considering these changes as a
consequence of decreased adhesion. As type XIII collagen is located in focal adhesion
plaques, it is likely that changes in the structure of this molecule can cause changes in
cellular adhesion. Indeed, decreased adhesion was measured in fibroblasts cultured from
the transgenic mice, and it is likely that this finding extends to other tissues, because type
XIII collagen is expressed in almost all tissues examined so far. Weakened linkage is
likely to initiate the separation of the contracting muscle from the the surrounding
basement membrane and further contraction is likely to aggravate the initial disruption.
When the separation has occurred, the muscle fiber can twist and the internal organelles
can be damaged causing the streaming of z-bands, accumulation of mitochondria,
generation of papillary projections and, finally, the destruction of the structure of the
myofilaments. These observations can be considered as atrophic changes of the muscle.
This hypothesis is also represented by Tavernaet al. (1998) to explain their observation
on mutatedα5-integrin in chimeric mice. A larger number of mitochondrial transections
per unit area seen in the samples can also result from elongation or increase in complexity
of individual mitochondria. Moreover, an apparent increase in the size of the organelle in
longitudinal sections can be due to reorientation of the organelle in space, as seen in
recently denervated muscle (Engel & Banker 1986). As the denervation of muscle fibers
induces the accumulation of tenascin-C in the muscle (Erickson & Bourdon 1989) and
this kind of accumulation was not seen in the mice expressing N-terminally altered type
XIII collagen. The changes seen in these mice are probably mechanistically different
from those in denervated muscle.

Muscles are attached to the extracellular matrix by several additional molecules, such
as several integrins and the dystrophin-dystroglycan complex, which is considered to be
the main mediator of muscle attachment (Campbell 1995, Ibraghimov-Beskrovnayaet al.
1992, Mayeret al. 1997). There is also a report indicating that type VI collagen interacts
with type IV collagen at basement membranes and with several other extra cellular matrix
components thereby providing a machinery for transmembrane signalling (Kuoet al.
1997). It is noteworthy that the proposed functions of types VI and XIII collagens are on
opposite sides of the muscular basement membrane; it is thought that type VI collagen
acts to support the basement membrane on the side opposite the sarcolemma, whereas
type XIII acts at the interface between the sarcolemma and the basemement membrane.

Two muscle dystrophies, a subtype of Miyoshi-type distal muscular dystrophy (MMD)
and facioscapulohumeral muscular dystrophy have been mapped to chromosome 10.
MMD is an autosomal recessively inherited progressive disorder and its putative locus
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has been linked to the limb-girdle muscular dystrophy 2B locus on chromosome 2p12-14.
Linssenet al. (1998) reported genetic heterogenity within this disease and screening of
two non-chromosome 2-linked families revealed that a 23 cM region on chromosome 10
segregated with MMD (Linssenet al.1998). This region is far from the locus of type XIII
collagen gene, which has been mapped to 10q22 (Showset al. 1989).
Facioscapulohumeral muscular dystrophy is linked to region 10qter (Cacurriet al. 1998),
which is also distant from the gene for type XIII collagen. Therefore, it is unlikely that
the changes seen in type XIII collagen mutant mice are related to the loci mentioned
above.

In this thesis the genomic organization of the murine type XIII collagen gene, its
regulatory elements, the chromosomal localization and comparison to the human type
XIII collagen gene is demonstrated. It also shows the physical distance and transciptional
orientation of the human type XIII collagen and prolyl 4-hydroxylaseα-subunit genes. In
addition, the generation of transgenic mice and that the expression of N-terminally altered
type XIII collagen causes a new form of progressive muscular atrophy in mice is
described. I hypothesize that the cause of this atrophy is the weakened linkage between
the sarcolemma and the basement membrane. I therefore postulate that type XIII collagen
participates along with integrins and the dystrophin-dystroglycan complex in mediating
the linkage between the muscle fiber and the extracellular matrix. It is also likely that
type XIII collagen is a potential candidate in some inherited muscular atrophies for which
the cause has not been identified.
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